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ABSTRACT

The effectiveness of two a1ga1 components, the

epiphyton and phytoplankton, in removing phosphorus from

se\dage effluent passing sequentially through a series of

artificial ponds, was studied. Artificial substrates of

clear cellulose acetate were provided for colonization by

epiphytes, and weekly samples of scraped algaI material,

as well as suspended a1gal material were analyzed for

particulate phosphorus, particulate organic carbon¡ and

species composition and number. lwo of the artificial

ponds were planted with aquatic macrophytes, and one of

these was found to be more effective than a control in

stripping phosphorus from the effluent, while the other

was not. The epiphytic component was judged to be not

very significant in the amount of phosphorus removed'

averaging approximately L%, while the suspended algae

removed mean amounts varying from 0.64-33.814 in different

ponds over the season. However, the total epiphyton in

these ponds was smaIl, owing to the limited nuInber of

planted macrophytes. The amount of epiphytic carbon

produced in a weekly interval varied from 0-620 grams.

The gt-reatest number of epiphytic and suspended algae

belonged to the Cyanophyta, with fewer Chrysophyta and

Chlorophyta.
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INTRODUCTION

Over the past few decades there has been much concern

about the pollution of lakes and rivers as we continue to

dump wastes into them, rendering them unfit for many uses.

Pollution results from a variety of natural or unnatural

assaults on a biological system; one characteristic form

is that of cultural eutrophication, which is defined as

the greatly speeded-up accumulation of organic material in

a body of water as a result of human activity. Character-

istics of a eutrophic lake are high nutrient leve1s,

abundant littoral vegetation, frequent sunmer stagnation

with alga1 blooms, and the absence of cold-water fish

such as salmon, lake trout and whitefish.

Natural eutrophication happens, too, but is

generally a much more prolonged occurrence, often taking

place over thousands of years, and therefore not as

disruptive to organisms which are part of the system in

which it is occurring. Natural eutrophication is more

often considered to be a successional process, andr âs

such, more orderly than cultural eutrophication.

One of the most important factors involved in

cultural eutrophication is phosphorusr Eln element necessary

for the normal functioning of a1l organisms, and found in

domestic, agricultural, and industrial wastes. It is a

major plant nutrient, and in large supply may promote the

growth of massive quantities of plant material.



Phosphorus is very often limiting in fresh-water systems

(Turk eL al I97 Ð, which is to say that its lirnited avail-

ability exerts a controlling effect on the amount of plant

production \,rhich can take place in a given body of water.

The 'Law of the }{inimum' states that under steady-state

conditions the essential- material available in amounts

most closely approaching the critical minimum needed will

tend to be the limiting one (Odum 1971).

Phosphate compounds tend to be soluble in water

except when complexed with calcium, iron, aluminurn, and

some other ions. Depending on pH, these react with phos-

phate ions to form calcium phosphate (at high or neutral

pH, which occurs especially in calcareous soils) r or

ferric phosphate or aluminum phosphate (in lime-deficient

conditions). These salts, which are relatively insolubl-e

in water, then become part of the sediment (Vallentyne

197r).

Most phosphorus enrichment of lakes and rivers

comes from sewage-disposal plants (Smith L976) ¡ which

frequently are dealing with both municipal and industrial

wastes. Primary sewage treatment (purely mechanical)

removes about 10? of the phosphorus, and secondary treat-

ment (biological) up to 308 (smith 1976). During the

heavy usage of phosphate detergents, many aquatic systems

were seriously damaged by the rapid production of algal

blooms that resulted. lr7hen these blooms die r they are

decomposed by bacteria, and O" is used up, leaving



oxygen-deficient water which cannot support many forms of

1ife.
Although the amount of phosphates in detergents is

now greatly reduced, the effects of past practices have

sti1l not been entirely reversed (Banerji 1978, Welch I976) '

l'luch phosphorus tied up in organic matter becomes part of

the sediment of lakes, being gradually released through

breakdown by microorganisms such as bacteria, fungi, and.

microzooplankton (Odum 1971). In its soluble orthophosphate

form it may continue to promote algal development. ì4any

years may be required before heavy loads of sedimented

phosphorus are removed from a system, although there may

be gradual improvement once influxes are minimized (Turk

et al ]-97 4) .

The history of Lake washington is a classic example

of damage to and revival of a lake ecosystem. Abundance

of algae in Lake Washington had increased several-fo]d

from Lg4L-1963 as increasing volumes of effluent from

eleven secondary sewage treatment plants were added to it'

In 1963, diversion of effluent was begun, and by L969 |

winter phosphate had decreased to about 28% of the 1963

value, but nitrate and co, remained relatively high.

Within two years, hypolimnetic release of phosphate had

returned to the 1933 level. The abundance of phytoplankton

had decreased, although not to 1950 conditions, and it was

concluded that this system had been more influenced by



phosphorus than by other sewage components. Actually' by

the time half the effluent had been diverted, it was

apparent that the P-content had started to decrease' an

indication that the lake was capable of absorbing the

human-generated P, but not detergent P as we1l, which had

doubled the amount (E dmondson 1972) .

However, even with detergent-phosphate reduction'

phosphates from domestic and industrial wastesr and to a

lesser extent, agricultural practices, stiIl impose a heavy

load on rivers and lakes. It is estimated that each human

excretes 0.7-1.8 kg of phosphorus per \¡ear (Smittr 1976) ,

and by far the greater proportion j-s not removed in most

conventional sev/age treatments.

Tertiary treatment designed to remove dissolved

inorganic materials such as phosphates and nitrates is

relatively expensive, costing two to three times as much

as primary-secondary (Bylinsky L97l-) | and is therefore

carried out in very few municipalities.

Alternative methods of waste treatment which are less

expensive and which have a lower resource demand should

therefore be considered and implemented wherever feasible.

One of these is the se!{age lagoon or oxidation pond which

may be adequate for smaller municipalities or suburban

developments (Warren 1971). In these systems' wastes are

pumped into shallow ( 1-2 netres) bodies of water and allowed

to remain for a period of time during which algae grow in
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the upper zone, providing the aeration. This is really a

rconversionr rather than a complete treatment system, in
which unsanitary organic matter is artered to sanitary algaI
material and nutrients, which are returned to the natural
environment where space and food chains must be adequate

to handle it.. potentiar uses for the effluent include aqua-

culture and agricultural irrigation, while the algae may be

harvested for animal food or for fertilizer. odum (1971)

estimates that about one acre is required for the treatment
of the household wastes of 100 people, although currently
in Manitoba one acre is considered to effectively handre

wastes of 200 people.

Another fnatural' approach to waste treatment is that
of applying it to a marshland area where nutrients such as

phobphorus and nitrogen can be removed very effectively
by aquatic plants which can eventually be harvested for
animal food. various triars around. the world have suggested

that an area of 50 acres containing a marsh associated with
a shallow pond of approximately equar area courd handle

domestic se\^/age for 10,000 peopre (woodwell 19 j7) . ulti-
mately, new industries and municipal treatment plants
should be sited in the middre of natural areas large enough

for treatment of degradabre wastes and the containment of
poisonous wastes, rather than on streams or lakes or in
the middle of congested areas (Odum 1971).

into a

Great

The town of Hay River, N.W.T., releases its effluent
smalI stream which flows through swampland and into

slave Lake. A five-year study of the effects of this



effluent showed that within 3600 metres downstream from

the point of release, the chemical and biological condition

of the water was virtually identical with that of a nearby

control stream not receiving effluent. Thirty-five sguare netres

per person-year of effluent released were found to be

affected, and the 32 hectare area of swampland removed

13.1 kg per day of phosphate during the suÍrmer months

(Hartland-Rowe and Wright I974).

Itîichigan State University is operating a 50O-acre

treatment area which is handling wastewater generated by

43r000 people. The experimental project includes four

artificial lakes with a mean depth of six feet, three

marshes, and a spray irrigation area. Plants, including

algae, take up large amounts of nutrients and are then

harvested for animal feed, fertilízer, and soil conditioners.

Water passes sequentially through the series of lakes,

improving in quality at each stage, and the final lake is
intended for recreational use (Itlichigan State University

1977).

It was this sort of system that was examined in

this study. A secondary sev/age lagoon was serving a sub-

northern community of 1000 people, and during the warm

months, effluent from this lagoon was passed sequentially

through a series of artificial shallow ponds, some of

which were planted with aquatic macrophytes. It was assumed

that the macrophytes were making a major contribution to



nutrient removal (Mulligan et al L976) , and that the final

stage effluent was considerably rediced in P and N content

as a result of uptake by the vegetation. What was not

known was the proportional contribution to nutrient-

stripping made by the algae in the system, and this was

examined.

Experiments with radioactive phosphate added to

lake surface waters have shown it to be taken up by algae

within minutes (Vallentyne f97I). However, some studies

of the relationship between algal biomass and nutrients

have yielded a lack of correlation between the two because

the level of nutrient was being controlled by the decom-

position of large amounts of detritus in sediments. That

is, the release of nutrients from the sediment was pro-

ceeding at a greater rate than algal uptake of nutrients
(Munawar and Burns 1975).

A consideration of the phosphorus cycle in water

explains how this can happen. (See Appendix I). In the

upper oxygenated zone, orthophosphate is removed from solu-

tion by the algae. In the deeper aphotic zone, organic

phosphorus compounds are decomposed and orthophosphate re-

leased. In this area the iron cycle regulates orthophosphate

concentration.

Under aerobic conditions ferric i-ron combines with

orthophosphate to form insoluble ferric phosphate. Under

anaerobic conditions ferric phosphate is reduced at the

water-sed.iment interface to soluble ferrous phosphate, and
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enters the water. In this waYr orthophosphate which may

have accumulated in sediments may be gradually released

to diffuse to areas where it can be utilized by algae

(Levine 1975).

Generally, the uptake rate of phosphorus is more

rapid than the release rate (Odum L97I\ | but in warm

weather the rise in water temperature does increase the

rate of release of P from sediments due to increased rate

of organic decomposition by bacteria, especially in shallow

water (Hutchinson 1957). Under anaerobic conditions,

the rate of P-release from sediments can be ten times

that under aerobic conditions (Welch l-976).

Any expected correlation between orthophosphate

and algal biomass may be complicated by the ability of

some algae to uti|ize or:ganic P compounds, depending upon

their ability to generate appropriate phosphatase enzymes

(Healey 1975).

Knauer (1975) found that an increase in a1ga1

biomass exhibited a two-week lag period in response to

fertilization by P-loading.

Relatively large amounts of orthophosphate may be

stored in the ice cover of lakesf presumably from algal

ce1ls trapped during freeze-up, and potentially increased

in density aS a result of freeze-concentration. These cells

may release stored inorganic phosphates, providing an almost

instantaneous large Source at spring melt (Bozniak and

Kennedy 1968).
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A further complication which can interfere with the

correlation between dissolved phosphate and algal biomass

is that many algae may store phosphate in excess of their

irrnediate needs (Krishnamurthy L967, Hooper and Robinson

1978a). This so-called 'luxury' uptake during high concen-

trations of phosphates can later be used under conditions

of p-defíciency(wuhrmann and Ej-chenberger 1975) . This

tendency can result in there being a very low P concentra-

tion prior to an a1ga1 bloom, the P being taken up by the

algae and stored (Vallentyne 1971).

Furthermore, the turnover time for algae can be

very short, varying among speciesr so that, unless har-

vested rather quickly, the nutrients removed by algae will

be returned to the sYstem-

Soltero et aI (1975) suggest that the critical

threshold below which nuisance blooms will not occur is

0.01 mg/I in lakes. Also, it is estimated that only about

303 of the particulate phosphorus measured may be avail-

able to the algae (Cq,ven and Lee L976).

Nitrogen is another element which, in excess, i=

often considered to be an important factor in algal blooms

Large quantities of N in the forms of nitrites, nitrates,

and anunonia are also found in untreated domestic, agri-

cultural, and industrial wastes.

The form most commonly used by plants is nitrate,

although ammonia may be utilized to some extent. on the

death of any organism a series of decomposer bacteria
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convert the organic N to ammonia, nitrites, or nitrates.
Nitrates may be utilized directly by green plants or

returned to the atmosphere through the action of denitri-
fying bacteria. A large proportion of this elemental N

is then converted to organic form through the N-fixing
action of certain bacteria and a1gae.

Requirements for N vary considerably among the

algae, some cyanophytes demanding more N and p than do

many other types. Experimentally, it has been shown that
P is necessary to facilitate N-uptake by algae and that
there j-s a P requirement of 108 of the available N in
order for the N to be utilized (Prescott 1968).

When the ratio of N:P is reduced, certain hetero-

rystous N-fixing blue-greens such as Anabaena,

or AÞhanizomenon may be favoured and become predominant

(Schindler l-97I and I977). These algae tend to be the

most objectionable since they occur in filamentous mats,

are covered with a gelatinous mucous, float near the

surface of the water owing to the presence of gas vacuoles,

impart disagreeable odours and tastes to water and are not

generally used as food by larger org,anisms.

Because in certain areas the atmospheric input

of N can be as high as 503 that coming from waste water,

control of N alone is not usually effective in reducing

eutrophication effects in fresh-water lakes (We1ch I976 |

Kallguist 1975). Alga1 bioassays of 49 U.S. lakes found
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P to be limiting in 35; N in 8; and other constituents in

6 (¡,liller et al I974). However, in marine coastal environ-

ments or saline lakes, as \deII as in lakes and reservoirs

in central Africa, N has been found to be more limiting

than P to phytoplankton (Schindler I97I, Lund 1965).

Vollenweider (J-969) has suggested that, while P

may be the controlling factor in the early stages of an

accelerated eutrophication process, N metabolism becomes

accelerated with increasing eutrophication, probably

because of an .increased rate of denitrification, and

beyond a certain point, N becomes limiting. This might

explain claims that in the summer it is inorganic N which

limits phytoplankton growth, while P or SiO2 are more

likeIy to limit spring growth (Nicholls 1976). Since

spring blooms are frequently composed of large numbers of

diatoms, the silj-con concentration of waters at that time

is critical, because of the silicon cell waII (Prescott

1968, T,und 1965, Hooper-Rèid and Robj_irson 1978a) .

Miller et aI (I976) generalíze that in most natural

waters, the N:P ratio can be used to predict nutrient

limitation: a N:P ratio of less than 10 is N-limiting, and

a N:P ratio greater than 10 is P-limiting. However, Lund

(1965) has observed that algae in lakes will grow when the

nitrate concentration is below the minimum level established

for laboratory cultures; and maximum suÍtmer phytoplankton

standing crops may develop while inorganic N is lower than

the lowest detectable limit of 10 Fg t-I (uicfrol-Is llg76) .
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It should be realized that the significance of

instantaneous estimates of N:P ratios, and of any nutrient

regime, must depend upon loading rates and rates of nutrient

flux. According to Odum (1971), a rapid flux of phosphate

is typical of highly productive systems, and flux rate is

more important than concentration in maintaining high rates

of organic production.

Tn laboratory streams, it has been found that' while

addition of low leve1s of nitrate and phosphate (I.2 ppm NO,

and 0.2 ppm POn) produce a relatively 1ow level of production,

intermediate levels (10 tj-mes these amounts) and high levels

(100 times these amounts) of fertilization did not result

in very different productivities (Wilhm and Long 1969).

That is, an intermediate level of nutrient may result in

maximum productivity, and increasing nutrients may have no

further effect, possibly because of limitation by the lack

of oÈher essential nutrients. A1so, ât certain levels, N

and P can exert toxic effects on a1gae. The amounts at

which detrimental effects mav be felt vary for different

species (Prescott 1968) .

Wilhm and Long (1969) found that certain genera

were common at all three nutrient levels (e.g. Mougeotia,

Phormidium, Anabaena, Oscillatoria, Scenedesmus) ; while at

the very high third level, some appeared for the first

time (e. g. Gloeoqzstis, Ankistrodesmus, Chroococcus, Closter-

ium) , and others disappeared (e.g. Nostoc, Tetraspor.at

Fpirulina, Aphanothece, Aphanocapsa). Production actually
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declined slightly at the hyper-fertilized third 1evel.

It is generally accepted that diversity of algal

species decreases with increased fertílity of waters

(Prescott, 1968, Moss I972, Cooper and Wilhm 1975) . It'loss

suggests one possible explanation for the greater diversity
in oligotrophic lakes is adaptation of lower growth rates

as a response to limiting amounts of essential nutrients.
Because of the longer time periods before peak populations /

there is greater overlap between successive species, leading

to high diversity (Moss 1972, lrloss I972a).

Tn more fertile waters with fast-growing species,

the winter buildup of nutrients can be quickly used by

these algae which achieve rapid dominance. This results

in low diversity (Moss 1972).

In Holland Marsh, Ontario, high loadings of N

-2 -1.. -)(I3.2 gNm-Year -¡ and P (I.2g Pm'year-') from surrounding

agricultural land have produced very eutrophi-c waters. In

spring and fall, diatoms, especially Stephanodiscusf were

dominant, sometimes comprising more than 90U of the total
phytoplankton biomass. In M-y, the biomass was as high as

1a-l3.2 x 10'-lrm' mI In sunrmer, chlorophytes, especially

Scenedesmus spp. dominated, with a smaller volume of

cyanophytes, especially Oscillatoria spp. Biomass in

summer ranged from 1.0 3.0 x to7,um3 nì]--l-, There was some

evídence that a shift in the limiting nutrient for spring

phytoplankton from SiO2 to P was occurring from L97I to

L972, indicating an improvement in nutrient retention since
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the initiation of P-control at municipal sewage plants in

southern Ontario in 1-97I. Other springtime dominants in

Holland Marsh were Melosira spp., Synedra spp. ¡ Asterionella

sp ., Fragilaria crotonensis, and Cyclotella meneghiniana.

Summertime d.ominance by Scenedesmus quadricaudar âs well as

two cyanophyte blooms, Oscillatoria articulata in early

June, and O. tenuis in early September, were typical of

eutrophic conditions (Nicholls J-976).

Tn India, cyanophytes and euglenophytes were found

to predominate in raw sewage, with little seasonal varia-
tion, while in stabilized sewage, marked seasonal changes

occurred, with members of the Chlorococcales ultimately
becoming dominant (Singh and Saxena 1968). Planktonic

Chlorococcales are mostly absent from oligotrophic waters

(Round L957) .

In a study by Traaen (1975),effluent subjected to

three different types of sewage treatment, primary settled,
secondary biologically-treated (i.e. activated sludge), and

chemically-treated (i.e. A1 SO¿ flocculation) was added to

oligotrophic waters in Norway. The addition of 5% primary

settled or 58 biologically-treated effluent both caused a

marked shift from chrysophytes and chlorophytes to

cyanophytes and Nitzschia while 0.5U of primary or secondary

effluent resulted in heavy developments of filamentous

greens, plus diatoms Nitzschia, and Tabellaria.

However, 5Z or 0.53 chemically-treated effluent had little
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effect on the species composition. Secondary treatment

produced slightly less benthic biomass than did primâry,

but after chemical treatment, the biomass was close to that
of a control.

A cycle typical of temperate eutrophic waters

seems to be: spring periphyton and planktonic diatom

dominance, succeeded by large populations of Eudorina and

Pandorina in late spring (Golterman L975) , blue-greens and

filamentous greens in sufltmer, and a second smaller autumnal

diatom peak in September (Golterman 1975, Stockner and

Armstrong 1971). Ceratium may be present in late summer,

and cryptomonads may be abundant at most times of the year

(Golterman J-975).

In a Pennsylvania lake subjected to high nutrient
:Loadings from domesti-c sewage, a similar pattern was found,

and cyanophytes, although less diverse in terms of relative
numbers of genera produced the largest blooms, while the

chlorophytes had the greatest number of genera (Casterlin

and Reynolds 1977).

The effects of increasing temperatures and light
intensity must not be overlooked in considering the initi-

ation of the spring peak. These factors may be at least

as important as nutrient availability (Stockner and Arm-

strong I97I, Prescott 1968), but they are so interrelated

that it is difficult to attribute prime importance to any

one.
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Mutual inhibition between algal species is often

mentioned as an explanation of periodicity when other

reasons are not apparent¡ for example, gtazing by zooplank-

ton may be a very important factor, both in ending a spring

bloom and in eliminating certain aIgaI species, but be

overlooked (l,und 1965, Golterman 1975). The major herbivores

are crustaceans such as Daphnia spp. (Ward and Robinson

].974) , copepods and cladocerans, and the rotifers
polterman L975). Grazing may be somewhat preferential'

depending partly on the proportional sizes of the herbivore

and the alga (Uhlmann L97L) , and can lead to equilibrium,

as one aIga1 species replaces the declining one, or the

grazers declinei or it may lead to greatly reduced numbers

of algae (Lund 1965, Golterman 1975) .

It is the smaller algae which tend to dísappear

when the number of grazers is experimentally increased.

Some of these are small, naked green algae, nannoflagel-

lates, cryptomonads, and certain diatoms. Algae which

tend to be rejected by grazers are generally large, uni-

cell-ular desmids and dinoflagellates, filamentous diatoms,

and colonial blue-greens. Some of the gelatinous

chlorophytes may actually increase in numbers in the pre-

sence of grazers, as they pass unharmed through the gut,

picking up carbon and phosphorus compounds before being

excreted (Porter L977) .

Parasitism by protozoans or fungi is another

factor which can decimate alga1 populations (Lund 1965).
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In sewage lryoons and hyperfertilized ponds at high

temperatures, grazing by zooplankton may at times suppress

phytoplankton growth to such an extent that the large supply

of nutrients remains unused (Uhlmann I97I). Furthermore,

excretion by zooplankton may contribute significantly to

existing 1eveIs of P. The amount of P excreted daily by

some zooplankters almost equals their total P-content

(Pomeroy et al 1963, Johannes 1964) , and may exceed the P-

requirements of Lhe algae present. This may be of great

significance in recycling of nutrients, particularly in

shallow water in warm temperatures (Hargrave and Geen

le68).

In terms of productivity, the littoral zone of

many waters may be very important. Allen (1971) found

that in Lawrence Lake, Michigan, the littoral community

accounted for 7IZ of the total lakers production, and that

the epiphytic algae contributed 31t3 to seasonaf produc-

tion and 2IZ to total annual lake production. He suggests

that the epiphytic a1gal community is among the most

productive in both fresh-water and marine environments,

and is probably more productive than most epibenthic

communities, especially if submerged macrophytes are well

developed. Wetzel (l-964) found that phytoplankton, ePi-

phyton and macrophytes in Borax Lake, California, each

played a significant role in primary production. On an

annual basis, phytoplankton and periphyton made similar
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contributions, each outweighing that of the macrophytes.

Love and Robinson (L977) found mean productivity of

submerged macrophytes (Chara, Potamogeton, and Myriophyllum)

in West Blue Lake, Manitoba to be about I mg C m 2 d.y I dr:ring

the growing season, while phytoplankonic production averaged
-)320 mg C ñ" d.y t during suîrmer. Here, however, submerged

macrophytes were limited by steeply-sloping shorelines of
the lake.

In experimental ponds artificially-fertilized with
N and P, Mclntyre and Bond (L962) found large quantities

of planktonic organisms were the early producers, followed

by the development of the benthic community. It was this
benthic community which developed most rapidly and produced

the greatest biomass in the pond most heavily fertilized.
ft must be remembered that, in determining produc-

tivity of attached organisms, standing crop estimates may

include both living and dead components and might not

represent the actual photosynthesizing community. Short-

term artificial subst.rates may therefore provide a more

realistic estimate of periphyton production as colonization
proceeds. There may be two linear components in the growth

curve of accumulating attached material, one representing

a colonization and lag phase; and the secondr ên accelera-

tion phase. This 'instantaneous growth rate' which fol-lows

the first phase may be a good estimate of periphyton

production (Kevern et al L966, Tilley and Hauschild 1975)
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In a study of Typha latifolia i,n Oklahoma, maximum

productivity occurred in May and early June and declined

considerably with the hot weather in July due to continuing

death of individuals, death of lower leaves and insect

depredation. Also, the rate of photosynthesis is often

less than that of respiration during periods of hot days

and nights in midsunmer (Penfound 1956).

Dying and dead tissues of macrophytes may constitute
an important component in the metabolism of a laker ês a

large proportion of the dissolved organic matter is

released on autolysis. From laboratory analysis, Otsuki

and Wetzel (I974) estimated that in Lawrence Lake, Mi-chj-gan,

release of dissolved organic matter by autolysis of Scirpus

would reach 26-35 g C m 2 yeaï I and that these values were

equivalent to 63-85% of the total dissolved organic carbon

input to the planktonic organic carbon budget in the lake.

In considering the P-content of macrophytes, Caines

(1965) found that an artificial increase in phosphate

concentration of a Scottish lake resulted in increased

concentration of P in the tissues of only those submerged

macrophytes having thin or finely dissected leaves, such

as Potamogeton praelongus and Myriophyllum spp., thus

offering great surface area for uptake of nutrient ions

directly from the surrounding water. Concentration of P

is found to be higher in the growJ-ng tips than in other

tissues of terrestrial and aquatic plants, and may also be
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four to five times higher in healthy green leaves than in
unhealthy ones. In late summer, dying plants release

large amounts of phosphorus into the surrounding medium,

where it is most easily assimilated by the microflora.
Mickle and Wetzel (I978) feel it is unlikely that

macrophytes can compete effectively with microflora for
simple low molecular weight sompounds. They found that
axenic Najas flexilis actively assimilated simple carbo-

hydrates and amino acids, but ceased when epiphyt.ized with
bacteria.

Several authors believe that artificial substrates

are essentially accurate in colonizing representative epi-
phytic algae, although Tippett (L970) found glass slides
incubated for two or four week intervals did not colonize

representative species or numbers of epiphytes as compared

with those found on natural hosts over the same time period,

and he concluded that under certain conditions, the use of

artificial surfaces is not a val-id method. Rare species

particularly failed to become 'seeded' on slides. However,

one would expect that buildup on natural hosts over time

would alter any selective surface properties differently
from those of newly exposed artificial substrates.

Studies have been carried out using glass slides

by Stockner and Armstrong (197I), Castenholz (1960), and

Al1en (L97I), all of whom conclude that few epiphytic species

are selected against by these artificial substrates. The
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positioning of glass slides can make a difference to the
quantity of attached material. Held horizontally, large
amounts of detritus and sediment may colrect, while
vertically-supported substrates may have more uniform
colonization but retain it less effectively (vüetzel_ and

lVestlake 1969). Scraping epiphytes off natural substrates
has the inherent problem of contamination by macrophytic

tissue (A1len 1971).

Productivity on coronized cellulose acetate strips,
vertically suspended, was compared with that of epiphytes
colonizing macrophytes in Delta lr[arsh, Manitoba. No

significant differences were found, but reliability in
estimating periphyton production from colonized artifi-
cial substrates depends largely on the interval chosen for
colonization and this may vary according to the trophic
conditions of the water (Hooper and Robinson 1976,

sl-adeckova 1962). sladecek and sladeckova (]'964) obtained

good results from four to six week incubations of glass

slides, and Hooper and Robinson (r976), and castenholz
(1960) with two week intervals. preliminary tests are

advisable to determine the appropriate period for prevailing
conditions. Kevern e!-_al ( 1966) have suggested that a

biomass accumuration curve can be plotted from a series of
increasing exposure times.

rn this study, artificial substrates of cerlulose
acetate were used to colonize epiphyton with the assumption
that attached algal communities were representative of
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lhose occurring on the natural host. During the firsL

season, attention was focussed on the epiphytic material,

but in the second season, the same determinations were

carried out on the suspended material as weIl. The relative

production and phosphorus-uptake vüere determined for both

algaI components, with a view to assessing the potential

of this relatively simple method of cleaning waste water

with minimal- disturbance to the surrounding environment.



MATERIALS AND METHODS

1" Description of the Experimental Site

The site of the Aquatic Vegetation Project is located

adjacent to the Arborg municipal seh/age lagoons 2.2 km south-

east of Arborg, Ivlanitoba at 51o latitude, 97.5o longitude.
(See location ftâp, Appendix 2.) This area is a ti1I plain
about 700' above sea level, with black-grey wooded soil and

calcareous glacial till with clay and silt surface material

deposits. Average annual precipitation is 4B-50 cm; the

surrounding area is gently undulating, with mixed stands con-

sisting mainly of spruce and aspen. The project site con-

sists of fifteen ponds or 'cells' which were excavated in

the falI of L974. Once dug out, the ceIIs were lined with

10 mi1 polyethylene so as to allow neither leaching of

effluent into the subsoil nor entry of ground water and

other material into them. A layer of gravel about B cm

thick was put on top of the plastic liners to provide an

anchor for root growth and to hold the plants and liners
in p1ace.

As illustrated in Figure I, the experimental site
consisted of five ro\ds of 'A', 'B', and 'C' cells through

which effluent from the secondary lagoon was sequentially
passed.

The Manitoba Department of Northern Affairs was

primarily interested in the relative success of a number of

aquatic macrophytes within such cells and their ability to

effectively alter a number of the parameters of the effluent

23
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FTGURE 1

Schematic diagram of the experimental cells
of the Aquatic Vegetation project at Arborg,

Itlanitoba.



LAGOON

SUBMERSED SPP. : CHARA VULGARIS
MYRIOPHYLLUM EXALBESCENS
ZANNICHELLIA PALUSTRIS
ELODEA CANADENSIS

SCA L E l:40

t' 
A tt SER/ES

ll ^ llõ SER/ES

AQUATIC
PROJECT'
C ELLS AT

l, ît ll(, SER/ES

VEGETATION.
EXPERIMENTAL

ARBCRG , þ/ AN .

f\)
ul



26

passing through them. Accordingly, samples of plant tissue

were analyzed as part of their study, while water samples

collected at the beginning and end of each retention period

of effluent in each ceII were analyzed by the Water Services

Board in Winnipeg for: pH, specific conductance, non-

filterable residue, B.O.D. ' total Kjeldhal nitrogen,

ammonia-nitrogen (NH3), nitrate-nitrogen (NO3), nitrite-

nitrogen (NO2), ortho-phosphate' and total phosphorus.

Standard methods of analysis were utilized (A.P.H.A. 1971).

The phycological research described herein was con-

fined to the first vegetated series of cells (Al,BI,C1) and

the third series (43'B3rC3) which was not vegetated. An

aerial photograph (Figure 2) shows the first series of cells.

The -4,, cell of the first series contained

Phragmites communis Trin., Typha latifolia L., and Scirpus

acutus Muhl, and the second cell of that series, BI, con-

tained Carex spp.L., and Scirpus acutus Muhl. Some sub-

merged macrophytes, such as Myriophyllum exalbescens Fern

and Chara vulgaris L. (Wood J-967 ) were transplanted into the

deeper Cl cell in the spring of L916, but these did not

develop significantly. The third series, not vegetated,

served as a control.

A series of pumps and hoses connected the lagoon with

each cell of the 'A' series so that a rrun' began with

30,000 gallons (136,380 litres) of effluent bej-ng pumped

into each A cell simultaneously, where it stayed for five

days with minimal disturbance. After this period, pumping
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FIGIJRE 2

Aerial photograph of part of the Aquatic

Vegetation site at Arborg, Manitoba. The

bottom three cells are, from right to left,
41, 81, and Cr, referred to as the vegetated

series. The secondary lagoon is off the

the right.
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began into the B ceI1s, the Ars being refilled with effluent
from the ]-agoon" This was repeated from B to C, after

which the effluent was transferred to a drainage ditch"

Pumping took approximately two daysr So the total interval

between filling and emptying of a ceII was approximately

seven days, and a complete run \¡las three weeks from the

pumping into A to the emptying of C. Periodic equipment

failure led to occasional minor deviation from this schedule.

Data lvere collected for thirteen complete runs in L976 and

twelve complete runs in 1977, and the sampling period ex-

tended from the latter part of May until the end of September.

2. Algal Sampling Procedu::es

Since it had been decided to provide artificial sub-

strates for the colonization of epiphyton rather than dis-

turb the limited transplanted vegetation, a method was

devised to allow vertical positioning of strips of clear

celIulose acetate. An assumption made was that samples of

epiphyt.ic material removed from the strips \^¡ere representa-

tive of the epiphyton atLached to the macrophytes.

srrnnorl structures for the attachment of the acetate

strips were built of wood and angle-iron and are illustrated

in Appendix 3. Enough strips of celfulose acetate to

provide substrate samples at weekly intervals from lvlay

to Sep1:ember were cut. These approximately 4 cm-wide

strips lvere stapled to the diagonal wooden crossbars at the

top and bottom of the frames. Frames were constructed so
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Lhat Lhe substrate st.rips extended from the sediment to above

the surface of the water when the cells were flooded.

l5,¿o series of acetate strips were utilized, one con-

inuing over the season and sampled weekly, and one replacement

series, with strips removed and replaced every week. The for-

mer would represent the continuing colonization expected on

the macrophytes as the season progressed, while the weekly

strips would represent fresh colonization of newly-exposed

areas as the macrophytes grew. Since the acetate strips

did noL exactly mimic daily plant growth, this repres-

entation would only be approximate. Moreover, in the event

of stationary or apparent negative rgrowthr, these represen-

tations were not applied.

One frame with its attached substrates \¡ras placed

near the centre of each of the cell-s under investigation,

and at weekly intervals strips \^rere removed for analysis "

In the vegetated series, a strip was removed from each

continuing series, along with a strip which had been incu-

bated for the preceeding week. The latter was replaced with

a new strip to be sampled the following week "

In the unvegetated series, because of the absence of

m¡¡rnnhr¡.þ in q¡rl..c.l-r={-n if- -JrJrLraLU t LL wâS assumed that no significant

buildup of epiphyton was occurring over the season, and so

investigation of the epiphytic material was confined to sam-

ples after weekly colonization periods. Consequently, ât each

weekly sampling time two short-term strips \dere removed from

the frames, and two new ones substituted in their place.

Values obtained from analysis were averaged for the two"
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On removal, each strip was divided into its upper

and lower halves to account for anv vertical stratification

which might be occurring in the epiphyton. In the first

samplíng season, each half was subsequently divided into

a number of pieces, each one bottled and labelled for each

separate analysis, and transported to the laboratory. The

foJ-lowing season the central portion (approximately t0 cm)

of upper and lower hal-ves was cut, seal-ed in a jar of

distilled v¡ater and transported in a cold chest to the

Iaboratory. Alt anal-yses \,,¿ere carried out on aliquots of

fil-tered material scraped from these portions.

During the first experimental season, ño direct

examination of the algal material other than that attached

to the acetate strips was carried out, but in Lg17 it was

decided to make comparable determinations for both attached

and suspended material. With this in mind, a 2 litre water

sample was collected from near the surface of each cetl- and

the secondary lagoon and returned to the laboratory along

with the acetate strips.

A1I samples were held in a dark room at 4oc until

the following day when each col-onized artificial- substrate

\,,Jas removed from its jar, placed in a petri dish, and the

attached material- carefurly scraped with a razor blade into

distilled water. The resultant mixture was made up to a

known volume, portions of which \^/ere filtered for each

determinati-on. The area of ceÌlulose acetate scraped was

noted for future conversion of alqal- parameters to standard
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volume. During the second season, measured portions of the

water samples were also filtered and the fitters were kept

frozen until determinations could be carried out.

3. Estimation of Macrophyte Surface Area

An integral part of the J-977 investigation was the

estimation of actual algaI activity occurring in these ponds.

This involved quantification of the real macrophyte surface

area available for colonization by the epiphyton. Every two

or three weeks macrophyte numbers hrere estimated in the A,

and B, cells by counting plant species and numbers in nine

random 0.25 m¿ quadrats. Twenty plant stem diameters of each

specj-es were measured and averagedr so that with the aid of

an aerial photograph showing the extent of macrophyte cover-

âgê, and the known cell area and depth, the actual submerged

macrophytic surface area available for colonization was

extrapolated as it changed over the growing season. A

sample calculation follows :

Area of macrophyte bed
:=2x specl_es A/ . ¿5 m

x specie s B/.25 m2
2X species C/.25 m-

X circumference species A

i circumference species B

X circumference species C

Depth of cell- .*2
AAlf-xC--xD

E
À

N--

NB

NC
A

c--

CB

CC

ñU

x E = surface area of macrophytes
available for colonization.

Sum of
0 .25



J¿T

4. Determinations of Alga1 Parameters

A" Dry Weight Determinations

Sartorius 47 mm or whatman (GF/C) glass fibre filters

were pre-dried. in an oven at 100-11ooc for one hour and

stored in a dessicator until required. Prior to filtering

the weight of each was recorded. Once the attached material

had been filtered, filters were dried to a constant weight

at the same temperature and reweighed. Dry weight values

obt.ained were exp¡essed on a square centimeter basis. In

addition, in 7977, filtered suspended particulate material

\das treated in the same way and results expressed per

millilitre.

B. Particulate organic carbon (Poc) Determinations

Sartorius 47 mm glass fibre filters were freed of

organic material by placing them in a muffle furnace at

450-500oC for up to ten hours. They \^¡ere then stored under

dust-free conditions until required, Ashed filters con-

taining the scraped epiphytic material were wet-oxidized in

a mixture of concentrated sulphuric acid and potassium

dichromate after the procedure of Strickland and Parsons

(1968). Absorbance of the resultant solution was measured

at 440 nm in an SP500 spectrophotometer. The procedure

was calibrated using glucose-carbon standards and absolute

values of organic carbon made from a calibration regression

equation as shown in Figure 3. Again, values were
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FIGURE 3

Calibration regression line determined from

spectrophotometric absorbance at 440 nm

of increasing concentrations of glucose

carbon standards.
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expressed on a PoC per "*2 basis. In Lg77, filtered

suspended material was similarly analyzed and results

expressed per millilitre.

C. Particulate Phosphorus (ee¡ Determinations

In the I976 season, scraped epiphytic material was

centrifuged and the supernatent discarded. The remaining

pellet was digested in a perchloric acid/concentrated nitric

acid mixture (Strickland and Parsons 1968). The method in-

ctuded the hydrolysis of any polyphosphates. In this wâY,

all phosphorus was converted to inorganic phosphate, which

r¡¡as then determined by standard molybdate blue colorimetric

procedures. The procedure was calibrated using potassium

dihydrogen phosphate standards and results were expressed
2per cm

The method used the following year lras essentially

that of Stainton, Capel and Armstrong (Ig74) | and is based

on the extraction of phosphorus by dilute hydrochloric acid

and its conversion to ortho-phosphate. Whatman (GF/C)

glass fibre filters, pre-ignited at 450-50OoC for two hours,

r¡¡ere used to collect aliquots of scraped epiphytic material

and suspended particulate matter, Sample filters plus two

unused filters to serve as blanks and two to serve as

standards, were placed in scre!ùcap Pyrex vials with caps

removed and put in a muffl-e furnace at 550oC for one hour

to ingite organic matter, After cooling, 2 mI of lN HCl

r¡lus 10 ml of distilled \^Iater were added to all tubes;
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2.5 ySP in a potassium dihydrogen phosphate standard solu-

t.ion was added to the two blank filters serving as standards;

and all tubes were capped tightly and placed in an oven at

104oC for two hours. After cooling, 2.5 mI of acid

molybdate-antimony reagent was added to each viaI, thirty

minutes allowed for colour development, and absorbance

of samples and standards read against a blank in a

Spectronic 20 (Bausch & Lomb) at BB5 nm. The unit
extinction factor in terms of ugP of POr-P per sample

is then: 2.5 x absorbance of sample.standard absorbance

D. Qualitative Examinations

Direct examination of thoroughly mixed suspensions

of both scraped epiphytic and suspended a1ga1 material

was carried out using compound phase microscopy at 400x

magnification and Palmer counting ceIls.
The number of fields counted varied with the corTl-

plexity of the sample, the minimum number for a sample

with one or very few species being twenty. Counts in
groups of ten fields \^lere continued until no nerrü species

had been observed for at least ten fields. They were then

stopped and species numbers averaged for ten fields, after
which conversion was made to the volume of the counting

grid. Fina11y, alga1 ceIl numbers were expressed in terms

of ceIIs per sguare centimeter for the epiphyton and cel-Is

per litre for the phytoplankton.



RESULTS

1. Dry Weight Determinations

Data representing dry weights of attached material

are presented for L976 in Appendix 4. These data appear

spurious, showing neither a seasonal trend nor a consistent

pattern with each nutrient run. This is likely due to the

greatly varying proportions of inorganic material that must

have been included in determinations. Other than providing

a very rough indication of the proportion of attached. organic

material, these data have not been considered as contributing

to the overall undersLanding of the topic. The L977 dry

weight d.ata are equally spurious, and a further problem in-

volved the use of filters for several weeks which tended to

disintegrate somewhat on filtering, giving inaccurate results.

These data are left out entirely.

2. Particulate Organic Carbon Determinations

A. Epiphytic Material (EM)

(i) Short-term Incubations

Figures 4 and 5 show the rate of POC accumulation for

the 1976 season from June I to September 26. Values are

given in ¡g C .*-2 dty-1 for the upper and lower strata of

13 consecutive runs. Figure 4 shows epiphytic POC in the

vegetated series (AI, 81, cl), and Figure 5, the epiphytic
poc in the control series (43, 

"3, 
c¡).

The first observation is that there was definite

vertical stratification occurring in the vegetated series.

Average values are given in Table 1. In most cases, and

39
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FIGURE 4

Rates of accunulation of particulate organic
carbon in the epiphytic material on upper

and lower halves of celIulose acetate substrate
in the vegetated series of cells (41' BI, and

C, ) at the Aquatic Vegetation site at Arborg,
l-

Manitoba in L976.

Values are derived from measurements made at
the end of each nutrient stripping run.

upper stratum

lower stratum
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FIGURE 5

Rates of accumulation of particulate organic
carbon in the epiphytic material on upper
and lower halves of cellulose acetate
substrate in the control series of cells
(4", B,r and C.) at the Aquatic Vegetation

JJJ
site at Arborg, Manitoba in 1976.

Values are derived from measurements made at
the end of each nutrient stripping run.

upper stratum

lower stratum

A dot indi-cates missinq data.
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particularly in the A, cell-, there was more POC accumulation

in the upper stratum than in the lower (Figure 4). The

reverse was true for the control- series (Figure 5). Tn

most runs in A, and Br, the attached material from the

lower stratum was hiqher in POC than material from the

upper.

Table 1. It{ean rate of POC accumulation in the epiphlztic
material in 1976. (n = 13 runs)

-) -],/J.gCcm-day

Stratum

Upper

Lower

Veg'etated Ce11s

At Bt ct
22.6 0 1. 57 4. 13

5.44 t.72 3. 21

Control Cells

2.38 2 .02

-.?
"g 5

3.14

2.63 3 .29 1. 90

fn most runs of the vegetated series there was more

daily POC accumulation in epiphytic material in the A,

cell than in the B, and C, cells, while the Ct cel1 was

intermediate between A, and B' This was not the trend in

the control series, there being only 3 runs in which

epiphytic POC accumulation was highest in Ar. In only one

of these runs (run 7) was there a marked decrease in POC

from A, to B, to C:i unexpectedly, the decrease is rever-

sed in runs 9 and 12.

The greatest amount of epiphytic POC in A, occurred

the second run with 48.0 ¡g upper and 40.83 lower; in

it occurred in the eleventh run with 11.4,u9 upper and

in

-1
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Stratum

Upper

Lower

A1 81

18.39 36.33

15.76 37 .68

8.03¡g lower. EM was relatively Iow in POC in B, over the

entire Season. Because of mechanical problems at the

site, sampling did not begin as early in L977, and runs l-

through 12 extended from June 24 to September 28. Values

for daily rates of POC accumulation in this second season

aïe presented in Figures 6 and 7 . lviean vafues for uppeT

and lower strata of al-I cells are given in Table 2-

Table 2. Mean rate of POC accumulation in the EIl in
1977. (n : 12 runs)

-) ,'l
,,rtgCcm-day

Vegetated Cells Control Cells
A¡ B¡ Cg

19.42 2r.09 Lr.74

12.54 14.88 6. 96

In general, values for daily POC accumulation vJere

higher in the 1977 EM than comparable values in 1976-

Vertical stratification occurred, but in the vegetated

series did not give consistently higher vafues in the

upper stratum. In almost as many individual cases, there

v/as considerabl¡z greater POC accumulation in the EIII from

the lower substrate portions as from the upper. In the

control series in L977 there was a definit.e trend toward

more POC in the upper stratum, however-

In Fj-gure 6 | illustrating the vegetated series of

1977, the tendency was for the 8., ce1l to show the

cl

14. 50

13. 56
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FIGURE 6

Rates of accumulation of particulate organic
carbon in the epiphytic material on upper
and lower halves of cell-uIose acetate
substrate in the vegetated series of cel1s
(A',, B, r and C, ) at the Aquatic Vegetation

J-J-t-
site at Arborg, Manitoba in 1977 "

Values are derived from measurements made at
the end of each nutrient stripping run.

upper stratum

mlIE lOwer StratUm

A dot indicates missing data.
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FIGURE 7

Rates of accumulation of particulate organic
carbon in the epiphytic material on upper
and lower halves of cellulose acetate
substrate in the control series of cells
(A-, B.r and C.) at the Aquatic Vegetation

5 J' J -
site at Arborg, Manitoba in L977.

Values are derived from measurements made at
the end of each nutrient stripping run.

upper stratum

lrrErll lOWer StratUm

A dot indi.cates missinq data.
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greatest rate of accultulation of epiphytic POC. This was

the case for 5 of tLre 6 oanplete* runs, and it exceeded the

rate of accumulation in the A, ceIl in 7 runs. Similarly,

in the control series, in the majority of cases, the POC

content was higher in the EM in the B" than in the A, ceIl.
JJ

(ii) Continuing Incubations

The amounts of POC as they accumulated in the attached

material on the continuing strips over the course of the 7976

season in the vegetated cells are presented in Table 3.

These values are derived from periodic sampling of on-

going accumulation, andr âs such, should represent epi-

phytic development on standing macrophytes as it progressed

throughout the growing season.

With the exception of the first two runs, amounts

were highest in the A, ceII and lowest in the B, ce1l, the

Ct cel1 being intermediaÈe. (Table 3). Significant vertical
stratification was apparent only in the first cell, with

considerablg more POC in the upper stratum than in the

Iower, In C1r there was slightly more POC in the upper

stratum.

In Ar, the quantity of POC tended to increase

rapidly until the eighth run, after which it began to

level off. The same trend appeared in B, and Cr, although

*In some cases over the course of the season, samples were
damaged and data rt/ere not available. Here, a rcompletef
run is one in which there are data available for the upper
and lower strata of all 3 cells of the series.
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Table 3. Continuing accumulation
carbon in the epiphytic
and lower strata in the
L976. Values are in Äg

of particulate organic
material of the upper
vegetated series in

-)grn - f or each run.

-2Epiphytic POC ¡g cm

oI
Run No. Upper Lower

1 18.46 22.03

2 271.50 419.40
**3 358. 70 285.40

4 77.37 23.09

5 44.75 28.40

6 106. 30 29 .80

7 L23. 40 28.20
**B 2I3.70 116.70

9 222.80 151.50

10 270.90 146.11

11 279.r0 166.82

12 2s7 .I0 Iss.11

13 227 .7 151.20

B,
I

Upper

45 .48
**

29.90

8.05

7 .32

7 .90

7.54
**
9.20

11.03

14.19

19.00

19.11

15. B9

17.01

Lower

43.46

52 .60

5.70

6.16

8.98

9 .87

10.53

LI.42

13. 70

15.50

19.10

18.50

22.I0

c,
I

Upper Lower
**4.90 18.90

8.31 6.50

9.11 7.03

12.20 13.60

14.50 12.32
**16.10 I8.52

19.10 22.30

28.70 32.79

99.98 77.40

188.95 109.80

162.40 1s7.60

140.90 134.50

89.60 102.50

These values represent determinations made on epiphytic
material of longer colonization intervals than normal,
owing to variations in the sampling schedule. All other
perJ-ods between sampling times were one week (11 day).



52

Table 4.

Run No.

I

2

3

4

5

6

1

B

9

10

11

T2

À--l
Upper Lower

Continuing accumulation
carbon in the epiphytic
and lower strata in the
1977. Values are in ,¡¡g

of particul-ate organic
material of the upper
vegetated serj-es in

-)cm - for each run.

-)Epiphytic POC ¡g cm þ

R-1
Upper Lower

ct
Upper Lower

368.24

73.46

331.10

234 . L6

366.98

*
260 . Br

291.67

253 .68

86.99

*
239 .87

565. 88

s4.05

36 B. 30

240.50

293.65

132. B0

17 4.67

208. 33

322.02

33L.22

161. 10

304.46

215. 33

464.97

170.08

389.93

367.89

]-24 . 19

59 3. 03

269.90

319 . 58

36 8. 30

335.79

585.32

384.11

881. 41

ALI.47

284.09

564.1s

328.95

173.7 0

186. B0

287.64

**
s07.63
7 0r.7 0

497.50

29I.98

**
205.46

567.28

420.37

28]-.79

116.50

279.90

228 .06
511. 52

5s3.21

230 .34

226 .45

536.07

249.08

These values represent determinations made on epiphytic
material of longer colonization intervals than normal, owing
to variations in the sampling schedule. All other periods
between sampling times were one week (tf d.y).
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Ievelling off occurred. slightly Iater.

The comparable 1977 data for ongoing accumulation

of particulate organic carbon in the vegetated series are

shown in Tabl-e 4. Greatest. accumulation occurred in the B,

cell and least in the A, ceII. Lower stratum accumulation

\,üas higher in A, and Br, and less in Cr. oifferences

between upper and lower strata were most pronounced in B,

(Tab1e 4). In C' more POC accumulated j-n the upper stratum

than in the lower.

There does not appear to have been any systematic

progressive buildup to one peak in any of the cells.

Rather, relatively large amounts of POC occurred sporadi-

caI1y, interspersed with lower levels.

B. Suspended Particulate Material (SPM)

Weekly POC accumulation in SPM in vegetated and

control cells is presented for Èhe 1977 season in Table 5.

This analysis was not carried out in 1976.

Values for POC in the SPM can be adjusted to

represent upper and lower limits of material accumulating

in a weekly run. The upper limit represents not only

the increase in material, but also that already present in

the SPM pumped into a cell at the beginning of each run'

minus sedimentation and grazing losses. Thereforer the

upper limit is the actual value obtained in each SPI1

sample. The lower limit should represent the actual

weekly increase in POC in the SPMf and is obtained by



Table 5.

Run No.

1

2

J

4

5

6

7

B

9

10

11

L2

x

54

Accumulation of particulate organic carbon in
the suspended particulate material in the
vegetated and control series in 1977.

These are maximum values and means, in,irg mI-I,
and may represent not only net weekly increases,
but also material pumped into each ceII at the

beginning of a run. (n = 10 runs)

Suspended POC,¡lg m1-1

'^lI

2t .3

37.r

66.2

32.9

62.L

5r.7

32.9

22.5

20 .4

4r.2

38.8

B.
l_

32.9

37.1

45.6

45 .4

l.4.2

24.6

10.0

0

10.0

18,3

23 .8

\-1
l-

16 .2

7.9

24 .6

0

18.3

0

0

0

28.7

7.9

10.4

--3

21. 3

37. 1

66 .2

68.3

28.7

66.2

43.3

28.7

10.0

26.7

39.6

B.
J

0

28.7

L.7

22.5

4r.2

26.7

5r.7

10.0

9.0

28.7

22.0

J

10. 0

0

20 .4

0

7.9

10.0

U

0

10. 0

r.7

6.0
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subtracting the inflow value at the start of a run from

the val-ue obtained at the end of that Lun.

Upper means for each ceII are included. The means

indicate very little difference between the vegetated and

control series, being highest in both A cells at approxi-

mately 40 Ag m1-1, and intermediate in both B cells. The

C ceIl means were lowest at or less than 10,r¡g m1-1.

Lower limit values for most runs were very 1ow, in many

cases negativer so minimum values and means are not shcx¿n here.

3. Particulate Phosphorus Determinations

A. Epiphyt.ic ltlaterial
(i) Short-term Incubations

Figures 8 and 9 illustrate the rates of epiphytic

PP accumulation in the vegetated and control series, in

1976. Within the vegetated series, 10 of the 13 runs

showed progressivel-y decreasing amounts of PP from the

4., through B, to C., cells (Iligure B), while this trendl_'Lt-

occurred in 6 of the 8 complete runs in the control series,
(Figure 9). Table 6 presents average daily uptake values

in all cells in both strata.

Vertical stratification was marked in the vegetated

ceI1s, with more PP in the upper stratum than in the lower,

although this was less dramatic in Cr, than in A, or Br.
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FTGURE 8

Rates of accumulation of particulate phosphorus
in the epiphytic material on upper and lower
halves of cellulose acetate substrate in the
vegetated series of cells (.A1' 81, and Cr) at
the Aquatic Vegetation site at Arborgf Manitoba
in 1976"

Values are derived from measurements made at
the end. of each nutrient stripping run.

upper stratum

lower stratum

A dot indicates missinq data.
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FIGURE 9

Rates of accumulation of particulate phosphorus
in the epiphytic material on upper and lower
halves of cellulose acetate substrate in the
control series of celIs (A-, B-r and C.) at
the Aquatic vegetation sitJ "ttAtbotgr'I"I.rritob.
in 1976.

Values are derived from measurements made at
the end of each nutrient stripping run.

upper stratum

lower stratum

A dot indicates missinq data.
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Table 6" Mean rate of
1976. (n =

Vegetated CelIs

Stratum A1 81 Ct

Upper 0.031 0.013 0.004

Lower 0.025 0.006 0.003

PP accumulation in the EM in
13 runs)

-) -'l

'rgPcm-day
Control Cells

A¡ 
"3 

c:

0.011 0.087 0.002

0.012 0.007 0.002

This trend v¡as not apparent in the unvegetated series,

with some exception in the B, cell (Figure 9).

The greatesb rate of PP accumulation in the A, ceIl

occurred in the second run with 0.055 pg "*-2 d"y-l in the
-') - 1

upper stratum and 0.072 lrg cm - day in the lower. In

the B, ce1l, most PP accumulation occurred during run I

with o.oz4 p9 cm-t u."-1 trpp"t and 0.015 F9 .*-2 d.y-I

lower. The 3 final runs in C, showed somewhat more PP

accumulation in the EM than did earlier runs.

The trend in the control series was for epiphytic

accumulation to increase in all cel1s toward the end

the season.

As Table 6 illustrates, overall rates of accumula-

tion of epiphytic PP were higher in the vegetated than in

the unvegetated series. This was especially noticeable in

the first ce1l of each.

Equivalent 1977 phosphorus data are shown in Figures

10 and 11, and mean values of daily rates of PP accumulation

in upper and lower strata are given in Tab1e 7. These mean

values are considerably higher than in L976.

PP

of
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Table 7. Mean rate of PP accumulation in the EM in
1977. (n = 12 runs)

AgP

Vegetated Cells

-2 " -1oay

Control Cells

Stratum At

Upper 1.51

Lower 0.90 0.88

B-
J

0 .47

r.10 0.41 0.27

0.40

^̂3

L.23

B1

0.70

ct

0.61

0. 36

Distinct vertical stratification occurred in the A,

and C, cells (Figure 10) with considerably more PP accumu-

lation in the upper stratum than lower, while in the B, ceIl

there was somewhat more epiphytic PP in the lower stratum.

The mean daily PP accumulation values (Table 7)

illustrate a decrease from A, through B, to C, in both

series, and stightly higher overall va.lues for the

vegetated series than the control series, although this

di-screpancy is not as pronounced as in the L976 season.

rn the planted series, the highest individual values

in A, occurred. in the first run (3.92,ttg .*-2 d-y-f upper

and 3.2g Jlg cm t u."-1 tower); and in the llth run in B,
2 -] - -2 _ -1(2.87,u9 cm - day * upper and 3.88,¡¡g cm - day lower).

In Crr gr€âtest amounts of epiphytic PP occurred in run 10

-') - -1 -2 - -1(2.58A9 cm - day - upper and 1.50rg cm - day lower).

rndividual values in the control series were highest

in the last 3 runs than in earlier ones, the A" ceIl having
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FIGURE 10

Rates of accumulation of particulate phosphorus
in the epiphytic material on upper and lower
halves of cellulose acetate substrate in the
vegetated series of cells (41, BI, and Cf) at
the Aquatic Vegetation site at Arborg, Manitoba
in 1977.

Va1ues are derived from measurements made at
the end of each nutrient stripping run.

upper stratum

lower stratum

A dot indicates missinq data.
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FIGURE 1]-

Rates of accumulation of particulate phosphorus

in the epiphytic material on upper and lower
halves of cellulose acetate substrate in the
control series of cells (43, B3' and Cr) at
the Aquatic Vegetation site at Arborg, Manitoba
in 1977.

Values are derived from measurements made at
the end of each nutrient stripping run.

upper stratum

lower stratum

A dot indicates missinq data.



RUN 1 RUN 2

It

A¡ B¡

RUN 5

A3 B¡ C¡

RUN 6

A3 83 C3

RUN 7

65

A3 83 C3

RUN 8

C3

I

>^)
!
c\

I

E
t-'J

o*

U)
-1a

¡
I

A3 83 C3

RUN 9

A3 83 C3

RUN 10

|l
/..84.6

A3 83 C3

CE

B3

N11
I
II

Ill

A3

RU

I
I .n

¡I
I
t1
I
TI

RUN 3 RUN 4

RUN 12

A3 83 C3



66

the greatest epiphyt.ic

d.y-l upper and 4 .6 .ug

had peak values of 2.16

and 2.79 .;tg "*-2 d"y-l

values peaked in C, t:

upper and 1.54 ¡tg "*-'

PP accumulation in run 10 (4.8¡tg.*-2
-2 - -1-cm - day *lower), while in Brrrun 11

-2 _ -:l,¡lg cm - day * in the uPPer stratum

in the lower stratum. Individual

the tenth run with 2.L5 ng " 
-2 d.y-l

-1dav lower.

(ii) Continuing Incubations

Table 8 gives the weekly values for the epiphytic PP

as it accumulated over the course of the L976 season on the

continuing acetate strips in the vegetated series.

The tendency was for values to decrease from A,

through B, to Cr, most often with amounts slight.ly higher

in the upper than in the lower strata. The discrepancy

between strata is small in the A, cel1. (Table B)

In both strata of Ar, 1eve1s of PP increased gradu-

ally until the ninth run and then levelled off around

-) - 11.0,ug cm o day -. rn both strata of Cr, and in the upper

stratum of Bl, amounts increased slowly but did not level

off. The lower stratum of B, was rather erratic.

The 1977 ongoing epiphytic PP results are given in

Table 9. Accurmlation of PP tended to be greatest in Ar,

intermediate in Br, and least in Cr. Vertical stratificatj-on

$/as not apparent. Increases in êpiphytic PP accumulation

were, for the most part, erratic over the season, except

for the upper stratum in Ar, which increased fairly steadily.



Table 8.

1

2

?

4

5

6

7

B

9

10

11

I2

13

0.027

0 .425
*
0.391

0.460

0.47L

0.603

0.705
*
0.786

0.937

0.977

0 .697

0.819

0.818

0.044

0.464
*
0.303

0.312

0. 413

0.488

0.395
*
0.583

0.857

1.040

0.837

1. 030

0.819

0.043
*
0.123

0.r22

0.134

0.120

0.132
*
0.r47

0.132

0.149

0.160

0.242

0.305

0.306

0,019
*

O.OBB

0.121

0.100

0.086

0.085
*
0.077

0.082

0.104

0.120

0.090

0.153

0.195

*
0.014

0.016

0.014

0.012

0.014
*
0.018

0.017

0.038

0.052

0.073

0.107

0.303

0 .434

*
0, 012

0.017

0.017

0.015

0. 014
*
0.014

0.013

0.038

0.039

0,041

0 .047

0.102

0.209

67

Continuing accumulation of particulate phosphorus
in the epiphytic material of the upper and lower
strata in the vegetated series in I976.
values are in,¡:g "^-2 for each run.

Epiphyt.ic p /9 " 
-2

A1 81 ct
Run No. Upper Lower Upper Lower Upper Lower

These values represent determinations made on epiphytic
material of longer colonization intervals than normal,
owing to variations in the sampling schedule. AI1 other
perj-ods between sampling times e¡ere one week (tl day).
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Table 9 "

Run No.

1

2

3

4

5

6

7

I

9

10

11

T2

Continuing accumulation of particulate phosphorus

in the epiphytic material of the upper and lower
strata in the vegetated series in 1977.

Values are in rrg cm'" for each run.

Epiphytic P J¡g cm

Upper

28.16

J-f,. JJ

20.01

28.33

50.81

25.15

44.88

42.28

64.95

¡--1
Lower

7 .32

25.59

22.93

24.73

14.60

*
28.25

54.96

20.79

93.94

B.
l-

Upper

17.40

L2.7 4

23.44

8.6s

**
13.36

42 .85

r0.29

23.99

**
58.15

I7.2I

Lower

t2.23

16. 16

72 .30

ls.07

13.02

42.27

17. 51

32.7r

58.18

20. 08

ct
Upper

L .57

2.45

3 .29

10.96

18. 05

2.05

16 .57

36.31

18.61

25.23

Lower

1.57

2.25

0.99

*
5.62

13.54

l-3. 82

11. B7

36.31

22.85

10.63
*

55.95 68.02

These values represent determinations made on epiphytic
material of longer colonization intervals than normal,
owing to variations in the sampling schedule. All other
periods between sampling times were one week (tl day).
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B. Suspended Particulate lt[aterial

The particulate phosphorus in the SPlt'l was analyzed

from weekly water samples of the vegetated and control cells

during L977 only. These data \^lere calculated for upper and

lower limits in the same way as for POC¡ however, as with

the suspended POC , minimum values tended to be low or

negative, and are not shown in this section. Maximum values

and means are given in Table 10.

As with the suspended POC, there was little differ-

ence between the two series. Al-so, the high mean

values occurred j-n the A cells, beÍng close to 2,ltg *1-1.

Intermediate values just over I,pg m1-1 occurred in the B

cells; and the smallest mean amounts of PP in the

SPM were found in the C ceIIs, being less than L.ttg m1-1'

4. À19a1 CeIl Numbers

A. Epiphyt.íc Algae

Figures L2 and 13 show the number of atLached alga1

cells per square centimeter of substrate in each

run of the L977 season in the vegetated and control series.

Only material from the upper stratum was examined. The

substrates examined in this context lvere those positioned

at the beginning, and removed at the end, of each run.

Values, therefore, give an indication of a19a1 colonization

of new substrate, and as such, are considered to be equi-

valent to colonization on newly produced macrophyte surface.
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Table 10.

Run No. A1

Accumulation of particulate phosphorus in the
suspended particulate material in the
vegetated and control series in L977 -

These are maximum values and means, in ¡9 m1-1,

and may represent not only net weekly increases,
but also material pumped into each ce1I at the
beginning of a run. (n = 10 runs)

Suspended P ,ug m1-1

81 ct A: B3
J

1

2

J

4

5

6

.?
I

ö

9

10

11

I2

X

1.33

L.77

3. 10

L.32

2.25

L.29

1. 81

r.22

I.64

4.59

2 .03

0.75

1. 3B

1. 31

2.17

0.77

0.6s

0.20

0.70

3 .28

1.53

L.27

0.48

0. 45

0. s0

0.16

0. 38

0 .67

0.43

3.28

0.73

0.64

0.77

1. 19

0. 89

3.45

2.90

1.33

1. 11

r .67

r.24

1. 11

5.25

2.0r

r.67

0.7r

0.94

1.10

0.93

0.65

L.22

L.23

3.28

1.03

I.28

0.53

0 .11

0.43

0.20

0.13

0.20

0. 16

2.r3

0.33

1. 14

0.54
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FTGURE 12

Numbers of algal epiphytes colonizing ce11ulose

acetate substrates in the vegetated series of

cells (41, 81, and Cr) at the Aquatic Vegetation

site at Arborg, Manitoba in L977.

Values are derived from counts made of

material scraped from upper stratum portions of

short-term strips.

@E clzanoPhYta
sa7^ chrysophyta
ErrE chlorophyta
rrrll¡rl¡l!r Euglenophyta

A dot indicates missing data.
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FIGUR.E 13

Numbers of aIga1 epiphytes colonizing cellulose

acetate substrates in the control series of

cells (43, 83, and Cr) at the Aquatic Vegetation

site at Arborg, Manitoba in 7977 -

Values are derived from counts made of material

scraped from upper stratum portions of short-

term strips.

w Cyanophyta

çzæ4 Chrysophyta

G¡.ú Ciriorophyca

rtr!rrrrr¡trt¡¡ EUgIenOphyta

A dot indicates missinq data.
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They do not provide information on the dynamics of long-

term colonization and succession, but may indicate algal

responses to immediate chemical and physical parameters '

rather than to combinations of these parameters with

biological factors.

Algae were identified to genus, and were finally

grouped into four major phyla: Cyanophytar Chrysophytat

Chlorophyta, and EuglenoPhYta'

The majority of epiphytic cyanophytes belonged to

the genera Anacystis Meneghini, Dactylococcopsis (Reinsch)

Hansging, and Oscillatoria Vaucher. Chlorophytes consisted

mainly of Ankistrodesmus Corda emend. Ralfs, Coleochaete

Ae eré¡isson, Scenedesmus Meyer, and Chlorococcum Fries.

The chrysophytes were mostly pennate diatoms such as

Nitzschia Hassall, Navicula Bory, Synedra Ehr. ¡ and

Achnanthes Bory. The centric diatom Cyclotella l(ützing

was also quite cofitmon. The only euglenid found with the

atÈached material was Phacus Dujardin, and that near the

end of the season. From Figures 12 and 13, it is quite

apparent that in both series cyanophytes were dominant.

Table 11 gives the mean number of attached cells

peï square centimeter of substrate for the vegetated and

control series. The values for the cyanophytes in At, BI,

and C, showed progressively decreasing amounts from the

first through the third cel1 with the averagle higl in A,

being 9 "O2I x 106 -2 , and the average low occurring in
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Table 11. Mean number of algal cells attached to the upper
stratum of short-term ceIlulose acetate strips
in the vesetated and control cells in l-977 '

PhyIum

Number of cells

Vegetated Cells

A1 "r ct

"^-2 x 1oo0

Control Cells

A--3 "3 cg

2927 324s 10BB

2L4 126 0

Cyanophyta 902L 6590 1000

CtrrlzsoPhl.ba 226 37 4 16

drlorophyta 19B 455 427 2225 35

Euglenophyta 51

c, with r.0 x 106 oo-2. Highest mean values of chryso-

phytes and chlorophytes were in Bt, breing 0'374 x 106 "^-2
and 0.455 x 106 "^-2 resPectivelY'

Withinthevegetatedseries,thehighestindividual

number of cyanophytes was found in run 4 in the A, ce1l'

with 54.695 x 106 cetl .*-2. The chrysophyte peak

occurred in run 3 in B, with 1.591 x 106 ce1ls "*-2, 
and

the largest number of chlorophytes in run 8 in B, with

2.7Ig x 106 "*'2.
In the control series' cyanophytes peaked in run 4

in B- with 10.024 x 106 ceIls "*-2, chrysophytes in run
.J

10 in A. with L.784 x 106 cells .*-2, and chlorophytes
J

,nrere nonesistant in most runs with a high of 0 - 265 x 106 .,n-2

in run I in Cr.

Within the vegetated series, the total number of

31



77

epiphytes was highest in runs 2,3, and 4 covering the period

from July 6 to August 3t 1977. No such pattern existed in

the control series.

B. Suspended Algae

Figures 14 and 15 illustrate the numbers of phyto-

planktonic algae in the water samples taken throughout the

I977 season from the vegetated and control ceIIs. Values

are expressed in millions of alga1 cells per mi11iIitre.

As with the epiphyton, identification was made

to genus; these lvere finally grouped into three phyla:

Cyanophyta, Chrysophyta, and Chlorophyta.

Major cyanophytes were Anacystis, DactylococcopsÍs,

Chroococcus Naegeli, Anabaena Bory, and Oscillatoria

Vaucher. Chrysophytes consisted mainly of Chromulina

Cienkowski, Cyclote11a, Navicula, and Nitzschia.

Chlorophytes were mainly Ankistrodesmus Corda, emend., Ralfs,

Scenedesmus Meyer, and Eandorina Bory.

The total number of genera observed in the phyto-

plankton was slightly higher than in the epiphyton' although

many were sporadic and few in number. It is, however,

apparent that the dominant genera in the suspended material

are much the same as those recorded in the periphyton. It

d.oes seem, in fact, that these genera might be most expected

in some form of herpo- or haptobenthic situation. According-

1yr organisms recorded here as being planktonic are likely

to have been thychoplanktonic,
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FIGURE 14

Numbers of algal cells in suspended material

in the vegetated series of cells (AIr B1r and

Cf) at the Aquatic Vegetation site at Arborg,

Manitoba in L977.

Values are derived from counts made from

weekly water samples.

E Cyanophyta

-z chrysophyta

rrrn Chlorophyta

A dot indicates missinq data.
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FTGURE 15

Numbers of a1gal cells in suspended material

in the control series of cells (A3 r 83 r and

C¡) at the Aquatic Vegetation site at Arborg,

Manitoba in L977.

Values are derived from counts made of

weekly water samples.

E CYanoPhYta

-,tz 
Chrysophyta

-.rr ChloroPhYta

A dot indicates missinq data.
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Table 12. Mean number of suspended algal cells in the
weekly effluent samples from the vegetated and
control cells in 1977.

Number of ceIls
Vegetated Cell-s

Þ"1 ct

-'lmI- x

Control

Ã

1383 3

65

395

t0 00

Cel1s

Phylum

Cyanophyta

ChrlzsoPhYta

-Chlorophyta

1453 691

J

B6

R-3

9B

A1

278

25õJ

87 118 0 22

As can be seen in Table 12, in both vegetated and

control cells the number of cyanophytes greatly exceeded

the other groups. fn the former, the greatest number of

blue-green algae occurred in the B, cel1 with I.454 x 106 m1-1,

while in the control series, average vafues decreased from

A¡ through B, to Cr. Numbers of chrysophytes and chloro-

phytes were relatively low, being zero in both C celIs.

Also in boÈh seriesr äs illustrated in Figures 14

and 15, most a1gal development occurred in the first four

runs, from June 28 to August 3, 1977, with very little

apparent growth Lhereafter. In the vegetated series, cyano-

phytes peaked in B, in run 4 with 6.2Lg x 106 cell-s ml-f,

chrysophytes in A, in run 1 with 6.653 x tO6 mt-l, and

chlorophytes in B, in run 2 with I.I2g x 106 cells m1-1.

In the controls, the greatest number of blue-green

algae occurred in Aa in run 2, with 7.207 x 106 cells m1-1'



Chrysophytes

ce1Is mI-1,

run 4 in A,

again peaked in run I in A, with

and the number of green algae was

at 2,658 x 106 m1-1.

83

0.573 x 106

greatest in

5. Macrophyte Surface Area

Figure 16 ilfustrates the estimated area in square

centimeters of plant surface area per 0.25 m2 quadrat avail-

able for colonization by epiphyton as it developed over the

I977 season in ce11 Ar. Relatively Iittle growth occurred

for a considerabl-e portion of the season, but there was a

marked increase in the last few runs.

The macrophytic surface area per 0.25 m2 quad.rat in

Bt in 1977 r ês depicted in Figure L7 , suggests a similar

tendency for slow growth early in the season followed by a

plateau (or slight decline) and then a marked increase

around run 9.

6. Total ParLiculate Organic Carbon in the Vegetated Cells

A. Epiphytic Material

Extrapolating from the amount of macrophyte surface

area per quadrat to the total amount of macrophyte surface

in cells A, and Brr and combining the ongoing and weekly

values of epiphytic POC per square centimeter, one can

estimate the total POC in all- attached material in the two

vegetated cells during the 1977 season.

This was accomplished by subtracting the previous
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FIGURE 16

Surface area per 0.25 m2 quadrat of macrophytes

in the first vegetated cell (Al) at the Aquatic

Vegetation sj-te at Arborg, Manitoba.

Values are derived from regular measurements

made in 1977 of 9 quadrats (averaged) and 20

stem diameters (averaged) .
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FIGURE 17

Surface area per 0.25 m2 quadrat of macrophytes

in the second vegetated ceIl (81) at the Aquatic

Vegetation site at Arborg, Manitoba.

Values are derived from regular measurements

made in 1977 of 9 quadrats (averaged) and 20

stem diameters (averaged) .
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weekrs value for the ongoing strips from each sample to

provide an estimate of the net amount of POC which had

accumulated during the week on already existing macrophyte

surfaces and adding it to the amount of POC on the weekly

short-term strips. This weekly value represented coloníza-

tion of newly exposed plant surfaces.

The net ongoing value was then multiplied by the

total macrophytic surface area in the two vegetated cells

at each weekly interval. The weekly value was multiplied by

the difference in macrophytic surface area that had occurred

during the preceding week. These two figures \dere then

combined, thus representing the total accumulation of POC

in A, and. 8., during each runl Sample calculations are shown
II

in Table 13. POC values estimated in this way for A., and

B, are appendixed (Appendix 5).

Figure 18 represents the total amount of POC in EM in

the first vegetated cell, 41, and Figure 19, the total POC

in EM in the second, 81.

With respect to A, (Figure 18) r the trend was for

higher amounts of epiphytic POC accumulation in the early

runs, with a decline in the middle of the season. The

highest value of 620 grams occurred in run 2, while the

*Run numbers are different in this section, since data are
displayed chronologically for each vegetated cel1, rather
than seguentially from A to B to C. Each rrun' here refers
only to the weekly incubation period in a cel1, and not to a
complete 3-week effluent treatment through three ce1ls.



Table 13.

Run Dat,e

1 2L/6

Method of calculating total Particulate
in runs I and 2 ín cell A, in

Tot.Macr.s.a. Ongoing WeeklY
per quadrat Stratum POC (ug) POC (¡g)

)
2600 cm" upper 181.58

tl

2L/6

I

il

__ Jl)lL5' Cm

tf

(1) Run value minus (2)
previous run
value: gives new
surface area (s.a.)
available; if the
net value appeared
to be negative,
zero value was
used.

lower 173.24

upper

lower

organic Carbon in Epiphyton
L977 "

Estimated Total POC accumulation
in Epiphyton in ceI1 A, (mg)

32.66 x 3.s 
(2) rr¿. ¡r

l?l
18I.58 x 2600 x 565/2 Y', ".i;i ---'- = IJJt370'5

= 114. 3l

22.I x 3.5
= ll.5)

Half weekly
value attri-
buted to
upper sLratum
c half to
lower stratum.

r000 (4)

(3) Total number of macro-
phyte-covered quadrats
in 4., . Half value
attributed to upper
stratum and half to
lower stratum.

77.35 x 7I5 x 565/2m
TorAL (mg)

= I27,244.8

B9

23 tOB9.2

15,623.7

299 ,328.2

(4) Conversion
from ¡g
to mg.

continued



Table 13 (cont. )

Tot.Macr. s. a.
Run Date per quadrat

2 29/6 3328 "*2

l1

2e/6

t1

Ongoing Weekly
Stratum POC (¡rg) POC (¡:g)

upper 186.66(5)

lower 392.64 -|l

728 cm

il

(5) Run value minus previous run value;
gives net weekly POC accumulation.

upper

lower

Estimated Total POC accumulation
in Epiphvton in cell A* (mg)

86.66 x 3328 x 565/2 _ L75,477.I

46.52 x 3.5
= L62.82

58.27 x 3.5
= 203.95

1000

392.64x3328x565/2
1000

162.82x728x565/2
1000

203.95x728x565/2
1000

TOTAT, (mg)

= 369,Il-6.7

90

33,476.4

4r,9 31. I

620 ,002.0
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FIGURE 18

Total accumulation of particulate organic carbon

in the epiphytic material attached to al-l

submerged macrophyte surfaces in the first

vegetated cçl1 (41) at the Aquatic Vegetation

site at Arborg, Manitoba in 1977.
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FIGURE 19

Total accumulation of particulate organic carbon

in the epiphytic material attached to all

submerged macrophyte surfaces in the second

vegetated cell (Bf) at the Aquatic Vegetation

site at Arborg, Manitoba in l-977 -
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mean was 182,7 g'rams.

In B, (Figure 19), colonization was very uneven, with

sporadic peaks occurring throughout the L977 season. Over-

all, the amount of epiphyt.ic POC was less in B, than in A'
the maximum being 4J-I.2 g in the eighth run, and the mean

being 125.0 g.

B. Suspended Particulate Material

The total amounts of POC present during each run in
the SPI¡I in cells A, and B, \^rere estimated for 1977 by

converting the values obtained per millilitre to litres,
and multiplying by the total number of litres in the cell
during incubation periods. (30,000 gallons = 136r380

litres )

Upper and lower limits were determined for these

figures, maximum values being the straightforward extra-
polation from the measured value (in mI) to cell volume.

Minimum values, which should represent net increase,were

obtained as described earlier, and extrapolated to cell
volume. Where the net value appeared to be negative

(because of a higher inflow value than the val-ue at the

end of a run) the net lower limit was considered to be zero.

Disturbance of sediment during pumping may have partially

accounted for net negative or zero values in suspended POC

during a runr so that actual values probably fal1 somewhere

between the upper and lower limits,
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Figures 20 and 2I show the total amounts of suspended

POC in A, and B, respectively. In Arr the greatest accumu-

lation occurred during the first half of the season, the

largest amount being 9035 g in run 4, with a mean of 5297 g.

Wit.h the exception of run 6, all lov¡er limit values were

o.o g.

In B, also, most POC accumulation took place in the

first 5 runs, but overall there was less activity than in

41, the average amount being 3318 g.

C. Combined Epiphytic and Suspended Particul-ate
Material

Combined data representing the total POC of EM and

SPM in each run through cel1s A, and B, are presented in

Figures 22 and 23. The profiles are essentially the same

as in the previous two figuresi more activity took place in

A, than in 8,, and accumulation is more pronounced duringl_ l_'

the early part of the season.

7. Total Particulate Phosphorus in the Vegetated Cells

Epiphytic Material

the same vray that the prevíous total fi-gures for

generated, total epiphytic accumulation of PP in

extrapolated in the two ce1ls A, and Br. Figures

depict this information. Values for each run are

in Appendix 6.

A.

ïn

POC were

I977 was

24 and 25

presented
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FIGURE 20

Totat accumulation of particulate organic

carbon in the suspended particulate matter

in the first vegetated cell (41) at the

Aquatic Vegetation site at Arborg, Manitoba

in 1977.

Maximum values are derived from measurements

made at the end of each nutrient stripping run

and extrapolated to the total volume of effluent

in the cell.

I'finimum values are obtained by subtracting the

total inflow value at the start of a run from the

value representing the amount of carbon in the

total volume of effluent at the end of that run.
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FIGURE 27

Total accumulation of particufate organic

carbon in the suspended particulate material

in the second vegetated cell (81) at the

Aquatic Vegetation site at Arborg, Manitoba

in 1977.

Maximum values are derived from measurements

made at the end of each nutrient stripping run

and extrapolated to the total volume of effluent

in the ceII.

Minimum values are obtained by subtracting the

total inflow value at the start of a run from the

value representing the amount of carbon in the

total volume of effluent at the end of that run'



MAXIMUM VALUES

MINIMUM VALUES_ ZERO

ozqo
-r ¡-

a
J:)

-r-g(
()6
tUF
JV
f

rf)()atr4
xÉ.
C>Èa
U¡O-

hJ
t^ìz2
trl
o-

3l
U)

J
t-
P

4 56 719. RUN NIJ¡/BER



101

FIGURE 22

Total combined accumulation of particulate

organic carbon j-n the suspended particulate

matter and the epiphytic material attached

to all submerged macrophyte surfaces in the

first vegetated ce11 (41) at the Aquatic

Vegetation sj-te at Arborg, Manitoba in 1977.
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FTGURE 23

Total combined accumulation of particulate

organic carbon in the suspended particulate

matter and the epiphytic material attached

to all submerged macrophyte surfaces in

the second vegetated cell (BI) at the

Aquatic Vegetation site at Arborg, Manitoba

in 1977.
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FTGURE 24

ToLal accumulation of particulate phosphorus

in the epiphytic material attached to all

submerged macrophyte surfaces in the first

vegetated cell (AI) at the Aquatic Vegetation

site at Arborg, Manitoba in 1977.
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FIGURE 25

Total accumulation of particulate phosphorus

in the epiphytic material attached to all

submerged macrophyte surfaces in the second

vegetated cell (Bf) at the Aquatic Vegetation

site at Arborg, Manitoba in L977.
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fn Ar, epiphytic PP accumulatj-on was higher during

the first part of the season, with a few high peaks in the

latter half (Figure 24) . The highest value was 115.6 g

in run 11 and the mean was 23.9 g.

In B, (Figure 25) values \^rere considerably Iower, the

maximum of 34.1 g occurring in run B, the mean being 9.0 q.

B. Suspended Particulate Material

Figures 26 and 27 illustrate the total amounts of pp

in each run in the SPM in the vegetated ceIIs A, and 81.

These values were obtained in the same r^/ay as for suspended

Poc. rn both cases, suspended PP was somewhat higher during

the early part of the season, with a peak toward the end.

There was distinctly more suspended PP in A,, the upper mean

being 27I.5 g, compared with 172.8 g in Br. Table L4 shows

this information for c' the amounts being considerably less,
with an upper mean of 99.2 g. These data for c, are includ.ed

to permit eventual discussion of total p-removal in all six
cel1s.

C. Combined Epiphytic and Suspended particulate
Material

As with the POC data, the total combined pp j-n the EM

and SPM, shown in Figures 28 and 29, are very similar to the

sPM results aIone. This reflects the greater biological ac-

tivity of the SPM in these ce1Is, and the relatively small

contribution by the EM. The maximum mean accumulation for
A, was 295.5 9t and the upper limit mean for B, was 166.I g.
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FIGURE 26

Total accumulation of partieulate phosphorus in
the suspended particulate material in the first
vegetated cell (Al) at the Aquatic Vegetation
site at Arborg, Manitoba in :.-977 -

lr{aximum val-ues are derived from measurements

made at the end of each nutrient stripping run

and extrapolated to the total volume of effluent
in the ceIl.
Minimum values are obtained by subtracting the
total inflow value at the start of a run from

the value representing the amount of phosphorus

in the total volume of effluent at the end of
that run.
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FIGURE 27

Total accumulation of particulate phosphorus

in the suspended particulate material in the
second vegetated cell (81) at the Aquatic
Vegetation site at Arborg, Manitoba in 1977.

Maximum values are derived from measurements

made at the end of each nutrient stripping run
and extrapolated to the total volume of effluent
in the cel1.
Minimum values are obtained by subtracting the
total inflow value at the start of a run from
the value representing the amount of phosphorus
in the total volume of effluent at the end of
that Tun.
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Tab1e l-4.

Run No.

I

2

3

4

5

6

7

B

9

10

11

T2

13

i

38.2

65. s

6r.4

68.2

21. B

51. B

9r.4

58.6

447.3

99 .6

87.3

99.2

0

0

0

0

0

0

2.7

31.4

256.4

0

0

26.4

Total accumulation of particulate phosphorus
in the suspended particulate material in
cel1 Ct in 1977.
Values have been extrapolated from weekly
samples to cell volume.

Upper l,imit (g) Lower Limit (g)



115

FTGURE 28

Total combined accumulation of particulate

phosphorus in the suspended particulate matter

and the epiphytic material attached to all

submerged macrophyte surfaces in the first

vegetated cel1 (Af) at the Aquatic Vegetation

site at Arborg, Manitoba in L977.
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FIGURE 29

Total combined accumulation of particulate

phosphorus in the suspended particul-ate

matter and the epiphytic material attached

to all submerged macrophyte surfaces in the

second vegetated cel1 (81) at the Aquatic

Vegetation site at Arborg, Manitoba in L977 '
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Percentage of Ortho-Phosphate Removed in the Vegetated
and Control Series

A. Vegetated Series

The following three tables (Tables 15, 16, and :-'7)

give the percentages of orthophosphate removed in the

vegetated series. The value representing the total ortho-

phosphate removed from a run was calculated from the water

analysis carried out for the overall vegetation project, and

represented the dífference between the amount of ortho-

phosphate in the effluent in the celI at the beginning of a

run (tfre 'in' value), and at the end of a run.

Tn ce1ls A, and Br, proportions of phosphate-

removal are assigned to epiphytic and suspended matter; while

in C, (Table l-7), where there was insignificant development

of submerged macrophytes, only the percent removal by the

total SPM is included.

With respect to the the SPM' maximum and minimum

values are given, these having been obtained as previously

explained.

By far the greater amount of a1gal uptake of ortho-

phosphate in A, occurred in the SPM' the maximum mean being

10.9? and the minimum mean being 3.IU, with 1.19U

removal taking place in the epiphyton.

maxr-mum

bution

This is also the case in B, (Table 16) ' with a

average of 23.9% in the SPM' white the EM contri-

is again less than 1-Z.

The maximum and minimum averages for the SPM in Ct
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Tabl-e 15. Percent of Orthophosphate
by Epiphyton and SusPended

Material.

Total Ortho
Run No. nO¿ Removed (g)

? Removal by
Epiphyton

0.93

0.91

0.78

1.40

0.23

1.39

3.73

0.17

1. 19
n=B

Removed from A,
Particulate

10.53

6. 05

10. B9

2r.84

8.06

9.4

7 .2r

13. 11

10.9
n=B

Maximum 3 Minimum ?
Removal Removal
by SPM by SPM

I
2

3

4

5

6

7

B

9

10

11

T2

13

X

2045.7

3000.4

2216 .2

*-

0

r404.7

327.3

2TB2.I

2625.3

0

3L02 .6

4773.3

1970.7
rì = 11

3.80

1.32

0

6.70

0

3.32

1.58

8.08

3.10
n=B

A dash indicates data
applicable because of
removed from a cell.

which were incomplete or not
apparent zero values of ortho PO*



Table 16. Percent of Orthophosphate Removed from Bt by

Epiphyton and Suspended Particulate Material.

Total Ortho
PO¿ Removed (g)

2386 .7

613.7

0

1588. B

0

170.5

2625.3

0

7329.7

0

L295.6

1363.8

947.8
n=12

3 Removal by
Epiphyton

0 .32

0. 01

0.75

1. 30

1. 50

1. 8l

0.01

0.81
11 :7

Maximum %

Removal
by SPM

16 .67

18.63

6r .6

3. 38

7.20

34.53

15.30

22.47
n=7

L2I

Minimum ?
Removal
by SPM

0

7. 30

0

0

0

13.47

0

2.97
Ir= 7

Run No.

1

2

3

4

5

6

7

B

9

10

11

I2

13

x

incomplete or non-applicabl-e data
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Table L7.

Run No.

1

2

3

4

5

6

7

B

9

10

11

T2

13

X

Percent of Orthophosphate Removed in C, by

Suspended Particulate Material.

Total Ortho
PO¿ Removed (g)

0

0

BB.6

313. 7

0

0

340.9

1363. B

2L82.7

777 3.7

3409.5

1289 .4
n=12

Maximum
Removal
by SPM

*

76.97

6.97

17 .2

20.50

T.28

2.56

20.9r
n=6

Minimum
Removal
by SPM

0

0

9.2

13.43

0

0

3.77
11 =6

incomplete or non-applicable data
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(Table 1-7), are very similar to that of Br, at 20.9J-2

and 3.772 respectively.

B. Control Series

The following three tables, Tables 18, 19 , and 20

show the maximum and minimum percentage removal of

phosphorus by the SPM in the control ceIIs Arr 83, and Cr.

Both the B, and C, cel1s had mean upper limit removal

values of just over I4Z, while the average removal in A,

ranged from 11.81 2.032.
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Table 18.

Run No.

1

2

3

4

5

6

7

B

9

10

11

I2

13

x

Percent of Orthophosphate Removed in A, by

Suspended Particulate l"iaterial

Total Ortho
PO, Removed (g)

+

4057.3

3068.6

2863.9

1568.4

681.9

0

3443.6

3239 .0

340.9

2898.1

0

3068.6

2102.5
n=12

Maximum
Removal
by SPI4

5.29

4.24

25.22

26 .6A

4.40

7.03

4.96

5.22

23.33

11. B1
tf:9

Minimum
Removal
by SPM

0.67

0

0

0

0

2.L0

0

0

r5.51

2.03
n=9

incomplete or non-applicable data



].25

Table 19. Percent of Orthophosphate Removed in B¡ by

Suspended Particulate Material

Run No.

1

2

3

4

5

6

7

I

9

10

11

I2

13

X

Total- Ortho
PO, Removed (g)

4

340.9

0

68.2

0

954.7

1091.0

3239 .0

0

0

0

0

272.8

497.2
n=12

Maximum
Removal
by SPM

3.20

100.00

11.63

2.7 4

51.5

33. 81
n=5

Minimum
Removal
by SPì4

3.2

0

0

0

0

0.64
n=5

incomplete or non-applicable data
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Table 20. Percent of Orthophosphate Removed in C¡ by

Suspended Particulate Material

Run No.

1

2

3

4

5

6

7

I
9

10

11

T2

13

x

Total Ortho
nO4 Removed (g)

54.6

0

0

136.4

0

566.0

0

0

1022 .8

83r9.2

3750.5

1154.1
If=12

0

Maximum
Removal
by SPI{

*

27 .5

20.0

4. 82

28.40

0.54

4. 15

t4.20
11 =6

Minimum
Removal
by SPl4

0

0

0

12. 80

0

0.40

2.20
Ir= 6

incomplete or non-applicable data



DISCUSSION

In observing the preceding data, some definite trends

can be seen. Tables 15-20 illustrate the relative lack of

effectiveness of the epiphyton in removing orthophosphate

from the effluent when compared with the phytoplankton in
*cells A, and B, in 1977. This partially reflects the

limited development of the macrophytes in these ce1ls,

providing little surface area for attachment. Thus, the

suspended algae appear to have been much more active. It
is also worth noting that in the A and C cells, there was

very 1ittle difference in the total amount of phosphate

removed, whether vegetated or not. Tn both A, and Ar,

(Tables 15 and 18), an average of approximately 2000 g of

orthophosphate was removed per run. This suggests that
the macrophytes in the first vegetated ceIl were not contri-
buting significantly to nutrient removal, since there was

roughly the same proportion of orthophosphate removal

unaccounted for in both A, and Ar. Using the maximum

suspended material removal figure in both, and adding the

epiphytic removal value in Ar, there was a mean percentage

removal of approximately 123rleaving 88å unaccounted for.
Since there vTere no macrophytes in the control series,

Total phosphorus removal- values would have been more
desireable, but the water analysis yielded incomplete total-P
results for the first five runsr so orthophosphate removal
resuLts vrere used instead.

L27
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this 88? can not be attributed to the effectiveness of the

macrophytes in A, on the basis of this study.

Possibly, sedimentation was a major factor, operating

in both these cells as a nutrient sink. Or' turbulence at

the start of a run may have caused an artificially-inflated

initial orthophosphate va1ue. rIn' values of orthophosphate

were relatively high from midseason on, which may have

corresponded with warm weather increases in rel-ease-rate of

P from sediments (Hutchinson 1957). It is interesting to

note that in two of the five runs (6 and 11) in which A,

appears to have been superior to Aa in phosphate-removal,

(a, minus Ar, FigTure 304), epiphytic orthophosphate was quite

high. This would suggest that, without the EIt{, the

vegetated cel1 would have been decidedly less effective

than the unvegetated cel1 on average.

The macrophytes in A, may have been planted with

abundant soil which could have met their nutrient demands,

or which may even have contributed considerabl-e P to the

system, which, along with increased release-rate, may have

masked the macrophytic contribution to nutrient-stripping.
This, of course, is purely speculative, since no sediment-

analysis was carried out.

The B cells (Tables 16 and 19) were quite different,

with very small amounts removed by the epiphytic algae

(X = 0.818) in Brr and upper limit mean values of 22.472

and 33.81% by the phytoplankÈonic algae of B, and Ba
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FIGURE 30

A sumrnary of run to run trends within
during the I977 season.

lr.

the A cells

A. The effectiveness of the planted cell relatj-ve to
the control. Data are derived by the subtraction
of the total orthophosphate removed per run in
the control cell (43) from the equivalent values
in the vegetated cel1 (41). Points in the
positive (+) area indicate greater effectiveness
of the A, cell, and points in the negative (-)
area indicate greater effectiveness of the A,
ce11.

B. The total per run accumulation of phosphorus in
the epiphytic material in the A, cel1.

C. The total maximum and minimum amounts of phosphorus

accumulated in the suspended particulate material
in A, and Ar.

D. Macrophyte surface area 0.25 m-2 quadrat in Ar.
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FIGURE 31

A summary of run to run trends within the B cells
during the 1977 season.

A. The effectiveness of the planted ceIl relative to
the control. Data are derived by the subtraction
of the total orthophosphate removed per run in the
control cell- (83) from the equivalent values in
the vegetated ceII (81). Points in the positive
(+) area indicate greater effectiveness of the
Bt ceII, and points in the negative (-) area
indicate greater effectiveness of the B, cel1.

B. The total per run accumulation of phosphorus in
the epiphytic material in the B, cell.

C. The total maximum and minimum amounts of phosphorus

accumulated in the suspended particulate material
in B, and Br.

D. Macrophyte surface area 0.25 m-2 quadrat in Br.
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respectívely. However, the B, cel-l-, which was planted

largely with Carex sp., was nearly twice as effective

as the Ba ce1l in the average amount of orthophosphate

removed. Possibly, these species contributed more to

nutrient removal through greater effectiveness than did the

Typha, Scirpus, and Phragmites of the A, cell, and may

account for some of the difference.

The C ceIls, (Tables 17 and 20) , both of which were

unvegetated, were approximately equal in terms of mean

amounts of orthophosphate removed per run (about 1200 g),

the phytoplankton accounting for a maximum removal of

20.9I2 in C, and I4.2e. maximum removal in Cr.

Figures 30 and 31 illustrate some trends on a per

run basis in 1977, in the A and B cells respectively.

With respect to Figure 30, in general, the curve of the

macrophyte surface area is closely parallelled by that of

the epiphytic P, as would be expected, with some exceptions

near the end of the season. Comparison may also be made

between the macrophyte surface area and the curve which

represents the difference between A, and Ar, with major

discrepancies occurring near the middle of the sr:rnmer.

The phytoplankton, too, increases dramatically in P-content

in both A cell-s early in the season (run 4) and at the

end (run 13). This midseason decrease in activity of

macrophytes, epiphyton, and phytoplankton, coinciding with

maximum yearly water temperatures, is typical of aquatic
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production in stable environments (penfound r965, Nicholls
L976, casterrin and Reynolds 1977) , and is interesting in such

a continuously disturbed system, appearing to suggest that the
important factors operating in a stable system were effective
here as weII.

In Figure 31, it can be seen that some trends in B,

and B, v¡ere more interrupted, although the macrophyte surface

area and phytoplanktonic P in both cells followed the same

basic pattern of rapid increases in the early part of the

season, levelling off or declining midway, and increasing
again near the end. The epiphytic p had its highest point in
run B, although this may be a spurious datum point. consis-
tency is lacking in the p-removaf effectivenes= (Bt minus 

"¡)
with several peaks and va11eys. This may have invorved dif-
ferential sediment disturbances resulting in misleading p-

readings. The B, cell particularly was seen to contain large
numbers of Daphnia during midseason, which may have accounted

in part for the lower effectiveness of that cell at that time.
suspended a1gal numbers (Figure 14), as well as suspended p-

values (Tabre 10) , were row in B, in runs 6-9. This study did
not incrude quantification of grazers, but it is felt that
their effect may have been quite important.

The L977 POC values in the EM were generally higher

than in 1976 (figures 4-7 and Tab1es 1 and 2). This may re-
frect greater biologically activity by these algae in 1977,

as the ponds \dere better established. The B, cell, which



135

had been replanted early in the second season, likeIy
provided more plant surface for epiphyton; it is in this
cell that the greatest discrepancy exists between the two

seasons. Unfortunately, comparisons with amount of epi-
phytic production or P-uptake found by other authors in
different situations are difficult to make, since units
are often different, many authors stating values in terms

of square metres of water surface area (Hartland-Rowe and

lVright 1975, Hooper and Robinson 1976).

The epiphytic phosphorus data in both years show a

decline from A to B to C in both vegetated and control
series. This suggests that the very high pOC values in
the B, cel1 in 1977 do not represent just the living algalJ_ - --r- - J-

component but included other organic material adhering to

the macrophyte stems (Hooper and Robinson I976),

One of the inherent problems in the 1977 study

existed in the low leve1 of effluent in the B cells on the

days that sampling was done. As it happened, the B cells
were frequently almost emptied at that time each week,

possibly resulting in increased concentration of debris

near the sediment, and this is reflected in many of the

POC data. The fact that the average amount of PP in the

EM was so much lower in 1976 than in 1977 (Tables 6 and

7) does lend support to the suggestion that the cells \,vere

functioning more efficiently as time went by, (However, Èhe

method used to determine PP during the first season
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(Strickland and Parsons 1968), which uses heat-digestion of

polyphosphates, Rây not be as sensitive as that used the

following year (Stainton, Cape1, and Armstrong L974), which

functions through acid-digestion; so there may have been

some underestimation in 7976.)

The continuing incubations of epiphytic POC (Tables

3 and 4) and PP (Tables I and 9) illustrat,ed one of the

difficulties in attempting to measure components of algal
growth which has built up over time. So much of the mater-

ial that has been allowed to accumulate oveJr weeks or

months may be non-living t or might slough off periodically,

that a smooth curve showing continuous growth is not likely

to be obtained (Wetzel and Westlake 1969). This was the

case in the ongoing POC of 1976 and 1977 (Table 3 and 4

respectively) and in the ongoing PP of L977 (table 9) , where

periodic large decreases occurred. The ongoing epiphytic

P of 1976 (Table 8) hras very 1ow and generally followed

a fairly smooth upward curve.

The suspended material showed a great deal of flux

on a weekly basis, in terms of POC and PP (Tables 5 and

10). This may reflect the unstabl-e nature of the suspended

a1gaI component, specifically its rapid turnover time,

but it may also involve disturbances of sediment, dilution

from rainfall, the influence of grazers, changes in light

intensity, and numerous other factors. Only the means

show consistency, the trend to less POC and PP \¡rith passage
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through the system, being very evident.

The generally low val-ues of POC(Table 5) and PP

(Tab1e 10) in the two C cell-s in midseason (runs 5-9) may

have occurred because of the presence of luxurious mats of

a green filamentous alga, Stigeoclonium sp" Kuetzirg, the

effluent itself appearing very clear for the laÈter part

of the season. Th-i-s alga may have been especially effective at using

the nutrients entering the cel-I, thus limiting the growth

of phytoplankton. Unfortunately, this component of the

system was not anal-yzed, procedures for quantifying mats

being difficult, but it is strongly felt that it was the

major contributor to the very large quantities of ortho-

phosphate removed from the C cells during the last few runs.

Normal1y, one woul-d expect vertical stratification

to occur in epiphyton, with more development nearer the

surface (upper stratum) in response to greater light

intensity. Sixty percent of light may be lost in Èhe first

2-5 metres (Prescott 1968), but this of course depends on

turbidity and colour of the water. In the C ceIIs, which

\^¡ere deeper than the A and B cel1s, vertical stratif ication

seems to be in evidence quite consistently. Considering

the amount of suspended material in the A and B cellsrlight

exLinction most likely occurred within centimetres rather

than metres, and probably accounted for the considerable

vertical stratification that occurred in them most of the

time. The unexpected larger mean amounts of POC and PP
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which occurred in the lower stratum of the B, cell in 1977

(Tables 2 and 7), are again attributed to the greater con-

centration of debris that accompanied the extreme shallow-

ness in that cel1 on sampling days. However, Hooper-Reid and

Robinson (1978) found no obvious differences in ce11

volumes and compositions between upper and lower depths of

epiphytes colonizing cellulose acetate substrates. The

maximum depth range in their study was 0-70 cm.

The reliability of the artificial- substrates in

terms of accurate representation of naturally-occurring

epiphyton communities was an essential part of this

research. A1len (1971) and Hooper and Robinson (I976)

have shown that epiphytic production on artificial subsÈrates

is similar to that on natural hosts, although a19al species

may differ (Tippett 1970). Hence, the epiphytic POC and

PP values obtained in this study are considered to be

accurate, but there may be some doubt about the algal

community composition .

It is unlikely that there was ever any significant

nutrient limitation in any of the cell-s (with the possible

exception of the prevj-ously-mentioned inhibition of

phytoplankton in the C cells once the extensive chlorophyte

mats had developed), since levels of ingoing phosphorus

were quite high in all cells virtual-Iy all the time. Yet,

mean amounts of algal PoC and PP decreased with each

sequent.ial- residence period (i.e., from A to B to C) '
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This probably reflects the rapid senescence and sedimenta-

tion of algae within a one-week incubation period, so that

fewer cel]s vlere transported from one ceII to the next

with each transfer. This may also explain the problematic

tupper' and tlowert limits determined for the suspended

material (Figures 20'29 and Tab1es L4-20\. Where the

lower limit (representing net production) was zero or

negative, the major factor producing this result was, of

course, subtraction of the previous ce1lrs value (the

finf value), which no doubt overestimaLed the proportion

of that component which would survive the second incubation

period. On the other hand, taking no account of incoming

material would be misleading. It is for this reason that

actual Inett production is assumed tO be somewhere between

the upper and lower limit values.

with respect to the a1gal species, the relative

lack of diversity, and particularly the preponderance of

cyanophytes, indicates that these cells are in extreme

stages of eutrophy (Prescott 1968, Traaen 1975). There

rdas somewhat higher diversity among the epiphyton in the

first few runs (Figures 12 and 13); chrysophytes' which

tend to peak in spring, were most in evidence at that time,

and chl-orophytes, being typical slunmer species (Golterman

lg75), occurred in midsummer in the vegetated cells

(Figure 12). These occurrences appear to reflect the

interaction of seasonal events with inter-run events

which hTere independent of seasonal parameters. The only
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euglenids \dere found in runs 10 and 72 in Ar, and in runs

I and 10 in Ar. Euglenids such as Euglena and Phacus are

typical of waters wiÈh high organic content (Round 1957).

The phytoplankton, too (Figures 14 and 15), was somewhat

more diverse and abundant early in the season, with very

low numbers from the fifth run on. A problem with pre-

served samples is that many of the more delicate organisms,

such as the cryptomonads with their very fine cel1 coverings

may not have survived the period of time between collection
and counting; so some species may have been underestimated.

This could have been avoided only by deterrnining a1gal species

and numbers in fresh material-, which was not practically
possible.

One of the essentj-al requirements of such a system

would include harvesting of all biological material at the

end of the growing season, and possibly at certain points

throughout the season. Otherwise, senclscence of a1ga1 and

other plant maberial would ret,urn large quanLities of

nutrients to the system (Otsuki and Wetzel 1974). This

could be done quite readily in the case of large aquatic

plants and filamentous mats such as those which occurred

in the C ce1ls. These could then be used for animal feed or

agricultural fertilizer, thus constituting a recycling of

nutrients and energy, rather than a waster ërs is our

present custom. The single-ceIled a1gae, which constituted

the majority in both A and B celIs, are potentially difficult
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to remove. However, if this system is representative of

vegetated retention ponds, nutrient status may typically be

at such a stage by about the third week of residence, that

harvestable floating mats of aIgae, such as the Stigeoclonium

in this study site, ilây be expected to occur.

A possible method of dealing with single-celled

microalgae would be to introduce into the system a higher

trophic Ievel, such as filter-feeders. odum (l-971) suggests

that the role of invertebrates, although not fu11y studied,

may be quite important in sewage systems. In the Arborg

system, perhaps, this group of organisms could be used to

eliminate many of the microaÌgae in the first and second

stages, and contained in the A and B cells through some

sort of filtering system, while the easily harvestabl-e

material is removed from the final ce11. Final effluent

could be used to irrigate what should ideally be adjacent

agricultural land.

Rohlich and Uttormark (L972) have pointed to the

major disadvantage of nutrient-stripping by algae in

shallow pondsr âs the requirement for substantial land

areas, but in small or relatively-isolated communities,

this need not be impractical. ft is quite effective,

particularly when combined with aquatic macrophytes

(Hartland-Rowe and Wright l-974) ¡ it is cheaper than chemi-

cal precipitation (Rohl-ich and Uttormark J-9721 ¡ and it

results in an end product which is a valuable resource.
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SUM}{À,RY AND CONCLUSIONS

The epiphytic community was less effective in the

removar of phosphorus from the effluent in this system

than was the suspended community; however, there was not

a well-developed epiphytic community owing to the limited
planted vegetation in the cells chosen for this study.

The planktonic material appeared to be somewhat more

effective overall, but because of rapid turnover rates,
may have returned nutrients to the system upon degradation

almost as quickly as they were removed. For this reason,

any real nutrient-removal by argae from such a system would

entail- harvesting of the algae at regular intervals. This

appries to any plant material which may have been contribu-
ting to nutrient-removal from the cells.

it{any variables which may have been important were

not measured, among them, sedimentation, which may have

accounted for the major nutrient loss in the A and B series.
According to the mean data, in the first series of

cells (Af vs Ar), there was no difference in nutrient-
removal accounted for by the presence of macrophytes.

However, in the second series ("f vs B3), the vegetated

ceI1 lvas more effective. A strictly controlled study of

nutrient-uptake by different aquatic macrophytes would

therefore seem warranted.

ft is intuitively felt that extensive green alga1

mats in the third series of celIs (Cf and Cr) were
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responsible for the large quantities of phosphorus-

removal occurring in those ce11s, and a useful study

would be to examine what conditions may promote the devel-

opment of such inoffensive, harvestable algae such as

these.

The artificial substrates used for the colonization

of epiphyton are assumed to have provided accurate

representations of epiphytic organic carbon and phosphorus,

although they may not have accurately represented the

relative algal species attached to submerged macrophyte

surfaces.

There was an interaction of inter-run events with

intra-run events. That is, seasonal effects hrere apparent

in many of the results, and predictable sequential changes

during a three-week residence period occurred within each

characteristic seasonal situation.
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Appendix 1. The Phosphorus Cycle in Water
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Appendix 3. Schematic diagram of the
used for the attachment
strips. The strips were
to wooden cross bars.

1s3

support structures
of cellulose acetate
attached vertically
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Appendix 4

Rate of Dry Weight Accumulation
in the Vegetated Series in 1-976

)tg

in the Epiphytic Material

Run Stratum

'1 Upper
Lower

2 Upper
Lower

3 Upper
Lower

4 Upper
Lower

5 Upper
Lower

6 Upper
Loweir

7 Upper
Lower

8 Upper
Lower

9 Upper
Lower

10 Upper
Lower

11 Upper
Lower

L2 Upper
Lower

13 Upper
Lower

*
incomplete data

Ar

2t.5
20.r

435. s

594.4
32. I
25.L

229 .4
203.8
296 .8
406.7
83.3

L45.7
30.0
44.9
77.9
11. 5

14.3
L2.I
11. 3

12.5
13.3
]-9.7
76.0
23.6
L6.7
38.3

-') - 1

cm day
B-

J.

r07.7
169.3

4.2
2.8
2.0
5.4

II.7
5.8
8.6

14.9
l-4.7
12.7
3.6

30.2
20.7

*

19 .6
20
J.J

7.6
14. 3

18.0
17 .9
22.2
13. 6

20.2
49 .7

ct

10.1
11.3
51.6
6.5
8.0

12.2
12,9
7.7
9.9

14.1
49 .9

5.8
27 ,I
6.6

747 .r
]]s.9
39.9
23 .3
97 .4
13.9
95.3
6.6

29 .7
4.7
6,9
1.9

cgnt.
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Weight Accumulation in the Epiphytic Material in
Series in 1976.

Rate of Dry
the Control

Run Stratum

Upper

Lower
Upper
Lower

Upper
Lower

Upper
Lower
Upper

Lower
Upper
Lower

Upper
Lower

Upper
Lower

Upper

Lower
Upper
Lower
Upper
Lower

Upper
Lower
Upper
Lower

Ps
A

Ĵ

11. 7

6.5
48.4

108.2
16 .4
23.1
28.1
4r.4
IB.2
43.2
Is. 4

20 .6
20 .4

207.r
3.2
7.0
3.7
0.9

32 .I
9.7

21.0
32.4
35.4
30.6
32. 0

76.2

L-Igln day

B^
J

39.7
2r.3
9.0

43.5
158.8
167.5
TT7 .7

-'

10.9
L2.9
14.0
26 .0
39.3

9.8
2r .0
56.9
16. I

L23.9
17.8
22.2
24 .8
11. 3

10.3

c.
J

10

11

18. I
4.r

20 .7
15. 0

20 .3
66.1
66 .4
20 .6
98.3
29 .0
22.7
7.5
6.1

61.0

12

13

* incomplete data
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Appendix

Total Particulate Organic Carbon

At and B, by run in L977 -

in Epiphyton in cells

-1

mqCinB-
*

62,384 .2

110,976.5

16 ,rrr.2
336,560. r

0

AIL,203.0

12 ,548.4

0

286 , I23 .3

13,9 48.7

124,995.5
(n = 10)

Total POC mg run

mgCinA,Run

1 299 ,328.2

2 620 ,003.0

3 170.2

4 495, 854.5

50
6 162,863.2

7-

80
9 60,698.3

10 48,146.8

11 L38,302.7

T2

13 184,670.6

i LB2 ,7 30 .7
(n = 11)

*
incomplete data
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Appendix

Total Particulate
A1 and B, by run

Phosphorus
in 1977.

Run

I
2

3

4

5

6

7

B

9

10

11

T2

13

mgPin

18,9 84.4

27 t4I2.g
L7 ,2I0.2
4,363.0

9,339.1

79 ,6 87.0

5,093.1

36,587.8

453.1

115,588.0

8,177 .2

in Epiphyton in cells

Total PP -1mg run

A. mg trr.r-l
l_

*

r,946.2

2,170.0

6,151_. g

141. 3

I,275.I

34,100.7

I22 .6

19,979.9

23,488.3

148.5

incomplete data




