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ABSTRACT

Field and laboratory bioassays were conducted on four Takes near Ely,
Minnesota, to examine the effects of copper, nickel and sulfur dioxide in-
puts on phytoplankton communities. These Takes represent a range of TOC
concentrations and are 1ikely to be affected by copper-nickef mining develop-
ments in the Ely area.

Algal responses were generally more extreme in laboratory than in field
bioassays. In some cases, laboratory biocassays showed toxicity while con-
current field bioassays showed no effect. Concentrations of 50 and 100 ug/1 Cu
and 100 ug/} Ni were sometimes stimulatory and sometimes toxic in Birch and
Greenwood lakes. Toxic effects were only slightly more pronounced in Birch
(16 mg/1 TOC) than in Greenwood Lake (25 mg/1 TOC). Stimulatory effects
(i.e., increases in chlorophyll a) were observed frequently in both field
and Taboratory and were rather unpredictable in their occurrence. Communities
showing a stimulatory response were not observed to have higher P/B ratios
than control communities. Since higher concentrations of these metals were
invariably toxic, it is Tikely that stimulation represents a response to
a mild lTevel of stress. Nutrient Timitation and food chain interactions
are considered to be unlikely explanations for algal stimulation at these
metal concentrations. ' .

Laboratory bioassays with Clearwater (7mg/1 TOC) and South McDougal
(38 mg/1 TOC) lakes showed that Clearwater Lake was far more sensitive to
copper and slightly more sensitive to nickel than Soufh McDougal Lake. 1In
Clearwater Lake 50 ug/1 Cu was severly toxic.

‘No evidence was found to support the idea‘that copper and nickel act
synergistically in these Takes. The effect of copper-nickel inputs on total
a]gal biomass is dependent on the species present; their relative abundance;

and the physical-chemical characteristics of the lake water. In many cases



i

in both field and laboratory bioassays, a tendency was observed for chloro-
phy11l levels to recover after showing an initial toxic response. Occasion-
ally, recovery was not evident until after the second week of the tést.

In Birch Lake lowering the pH to 6.2, 5.0 and 4.6 seemed to have little
effect on copper and nickel toxicity. However, in cultures which were
not treated with metals, a pH drop to 5.0 caused an increase in chlorophyll
while a pH drop to 4.6 was apparently toxic.

With few exceptions, phaeopigment/chlorophyll a ratios agreed with
the asseséments of toxicity made using only chlorophyll a values. Thus, in
treatments in which chlorophyll a was lower than controls, the phaeopigment/
chlorophyll a ratio was higher; and in treatments in which chlorophyll a
indicated stimulation, the ratio was lower. In addition, this ratio was.
useful as an indicator of the degree of toxicity; that is, there was a posi-
tive correlation between the degree of toxicity and the ratio.

The results of algal cell counts may be summarized as follows:

1) Diatoms showed both stimllation and inhibition in response to
metal treatments. Frequently, stimulation at Tow concentrations was accom-
panied by inhibition at high concentrations.

2) Blue-green algae were probably the most sensitive of the algal
groups. They were never stimulated by Tow metal concéntrations and were -
often inhibited by levels as Tow as 20 ung/1 CQ and 100 ug/1 Ni.

3) Among the Chrysophytes, Dinobryon and Hyalobryon were sometimes
strongly stimulated by 50 and 100 ug/1 Cu but were not stimulated by a
cembination treatment of 100 ug/1 Cu + 800 ug(l Ni.

| 4) Some species of algae (especially blue-greens) were more inhibited
by 100 wg/1 Cu than by 800 ug/1 Ni, but for other;species the reverse was

true.
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5) Although the total number of species present fn Birch and Green-
wood Takes was similar, generally more species were affected by the metal
treatments (positively or negatively) in Birch than in Greenwood Lake.

6) Low leve] metal treatments usually resulted in the stimulation

of some algal species and the inhibition of others. Consequently, signifi-

cant shifts in species composition occurred at low metal concentrations,
and these shiffs persisted even after chlorophy11 concentrations recovered
to control Tevels.

7) Inhibition and/or stimulation of particular species frequently

occurred without detectable differences in chlorophyll between treatment

and control bottles. In fact, some species often showed stimulation when

the chlorophy11 résponse was negative, and vice versa.
These findings shed doubt on the practices of using single species of
test algae and total community biomass measurements as indicators of toxicity

in algal bioassays, especially if the bioassays are to be used in setting

water quality standards.
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Effect of Heavy Metals and Sulfur Dioxide on Phytop]ankton

INTRODUCTION

The Minnesota Regional Copper-Nickel Study is currently studying the
potential impact of the development of copper-nickel mining in Noftheastern
Minnesota. If mining operations develop, lakes in the area to the south of
Ely, Minnesota, may receive both geological and meteorological inputs of
copper, nickel and sulfur dioxide (sulfuric aeid). The lake phytoplankton
(algae), which form the basis of the lake food web, are a very important
component of these aquatic systems. Additions of metals may stimulate algal
growth or have toxic effects. It is necessary to perform a series of algal
bioassays, using the waters of the study area lakes, in order to predict
the potential effects of inputs of metals and sulfuric aeid on phytoplankton
production, biomass and community structure.

The toxicity of copper and nickel to algae is dependent on many
factors, including a]ka1inity,'pH% ability of the water to complex metals,
syngergistic and antagonistic interactions among metal jons, species
composition of the phytopfankton community, and prior exposure of the
community to copper and nickel. Since the study area contains many lakes
which will vary in all of these characteristics, the i§sue becomes an
immensely complicated one. It is clearly impossible to test all of the lakes
and to make detailed predictions for each lake under each set of circumstances.
However, the matter is somewhat simplified since most of thellakes fall
within rather narrow ranges of alkalinity and pH and since the ability of
lake waters to complex metal ions appears to be a faetor of overriding
importance in determining metal toxicity. The Tatter fact is central to

the present study because many of the lakes of Nor%heastern Minnesota are
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highly colored and contain relatively large quantities of dissolved organic
matter. It is probable that the toxicity of metals in these lakes will
largely depend on the degree to which metals are complexed by organic
materials. A major goal of the present effort, therefore, was to elucidate
these relationships by choosing lakes for study which fall on a spectrum of
total organic carbon content. By focusing on this issue, it is hope that
it will be possible to make prédictions of metal toxicity of a rather
general nature which will encompass most lakes of the study area.:

While our aim is to develop a predictive capability, there are
limitations inherent in all bioassay work, and these must be recognized.
Firstly, all bioassays (with the exception of those employing an entire
Takes as the experihenta] unit) are conducted for a period of time which is
short in relation to the seasonal and yearly changes which occur in a
natural Take ecosystem. Algal bioassays may be as short as 3 hours or as
long as a month or more; but even in the Tatter case, extrapolation of the
results to predictions of long-term changes in the lake phytoplankton community
must be done with extreme cautipﬁ. Phytoplankton algae may adapt to new
conditions or change in biomass or species composition»over an extended
. period of tfme in ways which are not fully undersﬁood. Secondly, the inter-
pretation of changes 1in épecies cdmposition'of a1gaevor of the presence or
absence of a given algal species is somewhat obscure.’ Changes.in species
composition in an algal bioassay may have little relationship to the long-
term changes which might occur in a Take. Indeed, the meaning of the .
seasonal species composition changes in a natural lake are, more often
than not, a matter for conjecture. Thus, the‘a1ga1 bioassay wak to be
undertaken in this study cannot be expected to predict with absolute
certainty the long-term changes in lakes which may be influence by copper-
nickel mining, nor can it fully predict or assess the meaning of changes in

phytopiankton species composition which may occur.




In spite of these limitations the use of algal bioassays is the only
method available to assess the effects of toxic materials on phytoplankton.
Because of the critical ecological role of the phytoplankton, it would be
folly to ignore them in any impact assessment of copper-nickel mining. The

use of long-term (i.e., 3-5 week) in situ biocassays employing the natural

lake phytoplankton community may lessen considerably the uncertainty of
- extrapolating bioassay results to predict changes in lakes. Likewise, a
combination of bioassay methods may be employed to.redﬁce the possibility
that one method does not accurately represent lake conditions. When such
precautions are taken and when the data are.interpreted critically, algal
bioassays may prove invaluable in assessing the impact of pollutants on

aguatic ecosystems.

Effects of Copper? Nickel, and pH on Phytoplankton

Evidence that certain trace metals may act as limiting factors for
algal populations has increased steadily over the past decade (e.g., Goldman
1972, Dunstan 1975, Patrick et a].®1975, Shapiro and Glass 1975). Copper,
~an essential micronutrient, may stimulate algal grthh‘;t'1ow concentrations
but more typically acts as a poison. Thus, while Steemann Nielsen and
Laursen (1976) found that 25 ug/1 Cu' ' stimulated growth in one lake, the
same concentration inhibited growth in three other ]ak;s. Other workers |

have similarly found that quite Tow concentrations of copper ion may be

toxic to algae. Goldman (1972) reported that 79 ng/l Cu%+, a level only

1.25 times the natural copper concentration, severely inhibited photosynthesis

in Clear Lake, California. In this Take 110 ug/1 essentially stopped growth.

Hutchinson and Stokes (1975) found that Chlorella vulgaris continued to grow

actively at 40 ng/1 Cu++ but that cells grown at 100 ug/1 and higher levels

failed completely within a week. At 200 ug/1 the cells appeared to be
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initially inhibited, then'showed slow growth, followed by final death.
Horne and Goldman (1974) reported that the nitrogen-fixing blue-green

algae Aphanizomenon and Anabaena were adversely affected at concentrations

of 5 to 10 ug/1.

Much work remains to be done regarding the physiological mechanism
of action of copper. Copper acts at various sites of the electron transport
system of photosynthesis and photoreduction, and it has come to be accepted
that all algae have a micronutrient copper requirement (0'Kelley 1974).
Copper toxicity, however, appears to be related tO'Changés in cell membrane
permeability and an efflux of potassium from the cell (McBrien and Hassall
1967). Potassium efflux is reciprocal (but non-stoichiometric) to copper

binding. In Chlorella pyrenoidosa copper toxicity was reduced by increasing

the potassium level within the medium (SteemannNielsen et al. 1969). Other
factors influencing copper toxicity are light intensity, cell concentration,
stage of growth, and the presence of other ions.

It has become 1ncreasing]y clear that the toxici@x of an element
cannot be discussed without regard to its chemical state and transformations
in the environment (Wood 1974). The amelioration of copper toxicity by
organic matter is of special importance (Horne and Goldman 1974, Steemanh,
Nielsen and Laursen 1976, Hutchinson and Stokes 1976, Stokes and Hutchinson
1976. These studies indicate that copper which ﬁs bound to organic complexing
agents is not toxic and is not taken up by algal cells. Free copper (Cu++),
on the other hand, is taken up and concentrated. In general, the toxicity of a
given amount of cobper added to Take water will depend on the amount of free

copper which is complexed.. Brown water lakes of high humus content




appear to have higher threshojds for copper toxicity than do clear water
lakes, and copper is more likely to stimulate growth in stained lakes than
in other lakes. However, growth stimulation of algae by copper has seldom
been reborted and has apparently never been observed to cause appreciable
increases in algal biomass.

In addition to the problem of complexation, several other factors
complicate the problem of copper toxicity measurements:

a) pH - The influence of pH on copper toxicity appears to be
somewhat controversial. Hutchinson and Stokes (1975) suggest that toxicity
may be ameliorated at high pH, since heavy metals such as copper and nickel
are less soluble, and therefore less available for uptake, at higher pH's.
On the other hand,Steemann Nielsen and Kamp-Nielsen (1970) found that in
Chlorella the toxic effect of copper decreases with decreasing pH. Andrew
(1976) believes that two different relationships are involved in copper
toxicity. While copper ion activity increases with decreasing pH, it is
also true that lowering the pH protonates exchange groups on the surface
proteins of the organism,-and a Tower pH actually decreases the uptake of
copper at those sites.

b) Calcium - Calcium has been strongly implicated as an ame]ioratjng
factor for heavy metal toxicity .(Hutchinson and Stokes®1975).

c) Species specific responses - Different test algal species often

respond quite differently to the same copper concentrations in the same test
waters (Hutchinson 1973, Hutchinson and Stokes 1975). The blue-green algae
as a group have been found to be especially sen§1tive to Tow concentrations
of cdpper (Horne and Goldman 1974, Steemann Nielsen and Laursen 1976).

d) Tolerance - Algal strains isolated from }akes having elevated

concentrations of copper and nickel were found to be tolerant of these metals




b=
when compared to laboratory strains of similar algae (Stokes et al. 1973).
Mechanisms of heavy metal tolerance apparently include incorporating the
metal in dense inclusions in the cell nucleus (Ferstenberg et al. 1975) and
exclusion of the metal from the cell (Foster 1977). Tolerance is an especially
difficult factor to account for when attempting to extrapolate algal bioassay
results to long-term responses of lake phytoplankton communities.
e) Synergism - Copper and nickel have been found to act synergistically,
each enhancing the other's toxicity to test species of algae (Hutchinson 1973,
Hutchinson and Stokes 1975). For example, 50 Qg/1 Cu++ reduced the growth
of Chlorella to 95% of the control, while 100 4g/T Ni'' had no inhibitory
effect. Yet, in combination, growth was completely 1nhibited.
Less information is available on nickel toxicity than on copper toxicity,
but the data indicate that nickel is Tess toxic to algae. Indeed, it may be i
the major hazard from nickel pollution is to enhance the toxicity of copper.
Of four algal species tested by Hutchinson (1973), Scenedesmg§_Was the least
tolerant, being largely killed at 100 ug/1. The other three species grew
relatively well up to 300 ng/1. Other experiments with’nickel indicate that
the anion with which it is associated seems to have anH;ffect on its toxicity
(Patrick et al. 1975). Scenedesmus sp. had a threshold toxicity of 90 ng/1
if nickel was in the form of nickel ammonium sulfate, whereas nickel chloride
was less toxic with a threshold concentration of 1.5 mg/]. ;
Much of the toxicity work cited above is difficult to interpret in |
terms of natural algal communities. Most of the tests have émp]oyed
laboratory test species of algae growing in artificial medié. However,
Patrick et al. (1975) have performed an interesting series of experiments
with nickel using natural communities of periphyton algae growing in

greenhouse streams. In these tests effects on species composition and



community structure were found at much lower concentrations of nickel than
are indicated by tests with single species of laboratory algae. Nickel
concentrations of only 4 to 9 ug/1 significantly reduced diatom diversity
and caused a shift in algal populations to species of blue-greens. These
trends were confirmed at higher nickel concentrations. Patrick et al.
.conc1ude that nickel is deleterious to the growth of diatoms even at very
low concentrations, but that greens and b]ue;greens are more tolerant. The
blue-greens seem to be much more tolerant of higher concentrations than the
greens. Accumulation of nickel was also found to affect C-14 uptake.

Some C-14 uptake was observed at concentrations as high as 500 ug/1 and

1 mg/1 although it was significantly lower than uptake in the control. In
light of these results it is unfortunate that more workers have not employed
diatoms as test species of algae.

The pH of lake water'may also have effects on the species composition
of phytoplankton communities. Blue-green algae tend to dominate in Takes
with relatively high pH's, perhapse because of their ability to utilize Tow
concentrations of CO2 (Shapiro 1973). This observation,is consistent with

the work of Yan and Stokes (1976) who experimentally manipulated pHin in situ

cylinders in Carlyle Lake, Ontario. They found that greens and blue-=greens
dominated at pH 5 and above, while dinoflagellates and eryptomonads became;
dominant ét pH 4. They also report that the number of algal species found
in midsummer samples from acidified lakes decreased with decreasing pH. The
decrease in diversity is most marked at pH values below 5.8 in Scandinavian

lakes. Phytoplankton biomass may also be reduced in acidified Takes.

ATga]'Bioassays: Limitations of Particular;Methods

Three major methods of conducting algal bioassays are in common use:

a) small volume batch cultures, b) continuous cultures, and c) large in situ

enclosures constructed of polyethylene. A brief discussion of the limitations



of these methods follows.

a) Small volume batch cultures - These tests may be conducted either

with a Taboratory test species of alga or with the natural lake phytoplankton

community, and they may use C-14 uptake, cell counts or chlorophyll concentration

as a measure of growth. They are usually run in 125 to 250-ml bott]es or

flasks and are seldom continued for a period longer than several days. Many

workers have discussed the limitations of these methods (e.g., Dugdale 19673

Schindler 1971, 19773 Cairns et al. 1972% Rice et al. 19733 Gerhart and

Likens 19759 Klotz et al. 1975). The objections are perhaps most severe

when a test species of laboratory alga is employed since the test species

may have enjoyed luxury consumption of nutrients while growing in artificial

media or may not be appropriate for the water to be tested. Such culture

studies involve simple, stable environments Tlacking organismic interactions,

succession, and other complex natural phenomena. Even when natural communities

are used, the results of batch culture bioassays are frequently at odds wfth

those of ]Qnger term continuous culture or field studies. The reasons for

these discrepancies may include exhaustion of nutrients within the culture, .

buildup of waste products, or failure to account for Tonger-term adaptation

of cells to toxic materials. In addition, chemical additions to batch

cultures may alter the short-term photosynthetic rate in ways which are

unrelated to the nutritional or toxic properties of the materials being tested.
The problem of adaptation to toxicants is an especially difficult one..

Stockner and Antia (1976) present evidence indicating’that algal éxposures

as long as 20 to 40 days to the pollutant may be required for successful

adaptation and that phytoplankters tolerating initially only a Tow level

of a pollutant may be trained to éccept severalfold higher Tevels by

repeated exposure to gradually increasing concentrations.. Such adaptation

or accomodation to toxic metals is also known in Escherichia coli




(Mitra et al. J975). In Tight of these studies it seems wise to avoid
small volume batch cultures where the goal is to predict the Tong-term
effects of environmental perturbations. They may, however, prove of some
value if the goal is to rapidly assess the abiiity of different lake
waters to ameliorate metal toxicity on a short—term basis.

b) Continuous cultures - Continuous, chemostat-type cultures may be

conducted using either test algal species (Rice et al. 1973, Goldman
1976) or the natural phytoplankton community (Bar]ow et al. 1973, Gerhart
and Likens 1975). Continuous cultures of phytoplankton allow the subs-
titution of medium flow for nutrient manipulations, making long-term assays
with natural water feasible when it is experimentally desirable. They
also offer the operational advantage of permitting work with steady state
cell cultures, a situation which presumable simulates the natural ane more
closely than traditional batch cultures (Maddux and Jones 1964). Dis-
advantages of chemostat-type bioassays include artificial conditions of 1ight
and turbulence and the potential for growth of attached algae and bacteria
in longer-term experiment;. In addition, species succg}sions in continuous
cultures probably have little relationship to those which might occur in the
lake environment. |

A more serious problem concerns the gradual decline of many species)A
populations in unenriched continuous cultures and the possible relationship
of these declines to the manner in which the culture medium is prepared
(Gerhart 1973). Some species may not be suited to survive fﬁe conditions
of light and turbulence in the cultures; hence, some specieS changes are
expected. However, it may also be significantéthat two sources of nutrient

regeneration are generally reduced or eliminated by the culture design.
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Firstly, zooplankters are largely excluded from the culture vessels, and
zooplankton grazing is replaced by the non-regeneratfve "grazing" of the
chemostat overflow. Secondly, if filtered lake water is used as the
nutrient medium, water flowing into the cU]ture'w111 contain no detritus,
and nutrient regeneration from the bacterial decomposition of detritus
may be expected to gradually decline in the cultures. Thus, in spite of a
continuous input of Take water, algal cells in chemostat culfures may be
more nutrient starved than those in natural waters.

‘The potential effect of metal complexing in the brown-stained waters
of Northeastern Minnesota creates added difficulties in this regard. Reservoir
medium water for the cultures must be stored in these experiments, perhaps
for several weeks, prior to use. To avoid biological change during the storage
period and also to simplify measurements of biomass in the cu]tﬁres, the |
water must be sterilized. There are two practical methods of sterilization:
heat and filtration. If the formér is chosen, the organic component of the
lake water is changed in some unknown way, which may affect algal growth
or the ability of the water to complex metals. If the Tlatter is chosen, the
particulate fraction of the water is removéd; this removal may have important
effects on both nutrient regeneration and the complextng capacity of the -
water (and hence the toxicity of metals to‘the algae). Filtration becomes
an especially dubious procedure when it is considered that generally more
than half of the copper in natural waters is associated with the particulate
fraction (Stiff 1971, Kubota et al. 1974). O? the other hand, if heat
sterilization is employed, a procedure must be devised to replenish

concentrations of dissolved gases which are lost as the water is heated.
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The pH of the reservoir medium water must also be adjusted to pre-sterilization
levels.

In spite of these Timitations continuous culture bioassays offer
important advantages over small volume batch cultures. Chief among these is
the ability to perform relatively long-term tests (e.g., three week) with
algae indigenous to the lake under study. They also permit many more tests

and replicates to be performed than would be possible in a study employing

strictly in situ field methods.
)

c) Large in situ enclosures - Enrichments of large, in situ glass or

polyethylene enc1osures_are Tikely to provide the most reliable information
when one is concerned with potential changes in phytoplankton biomass and
species compoéition resulting from environmental perturbation (Goldman
1962, Schindler et al. 1971, Stoermer et al. 1971). These studies minimize
the effects of enclosure while uti]izing the natural 1light and temperature
regime. Since they involve minimdl alteration of the natural environment,
there are fewer risks in interpreting the results. They are, however,
relatively expensive both in terms of time and manpower and do not lend
themselves to large numbers of treatments and replicates. Species changes
in the enclosures are also difficult to interpret in a' long-term sense. A
two or three week experiment with periodic additions of chemicals cannot
possibly simulate the complex patterns of enrichment which might occur over
extended time periods as a result of copper-nickel mining. In this regard,
the desirability of conducting relatively exteqded tests cannot be over-
emphasized. For example, Yan and Stokes (1976)‘found changes in species

composition in in situ cylinders after 28 days which had not been apparent

after only 7 days of incubation.
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METHODS

Two types of algal bioassays were used to assess the potentia1‘effects
of inputs of copper, nickel and sulfuric acid on the lakes of the study
area. From mid-June through mid-December, 1977, seven tests were conducted
using continuous-flow 1éboratory culture bioassays. In additién,five tests
using in situ enclosures were run between mid-June and early October. ATl

but one of the in situ tests were run concurrently with continuous culture

bioassays using identical treatment schemes, thus allowing a comparison

of the two methods. Ultimately, the appropriateness of the laboratory tests
as a means of assessing impact of the treatments was determined through

this comparison. Both methods used naturally occurring phytoplankton
communities as test algae. The duration of the tests varied from two to
three weeks, and all treatments and controls were fun in duplicate. To
facilitate comparisons between lakes, the majority of runs involved simul-

taneous testing of two lakes using identical treatments.

With one exception; all of the bioassays were pérformed with water

~from Birch Lake and Greenwood Lake (Figure 1). These lakes were chosen

for. several reasons. Birch Lake is typical in water chemistry of many of

the lakes in the copper-nickel study area; and, becaqge of its 1ocation,'
there is a high probability it would be impacted if mining is initiated.
Greenwood Lake was selected on the basis of its high total organic carbon
(TOC) content and thus suspected high complexing capacity. Data compiled

in Tate summer, 1977, by another team within the copper-nickel study indicated

that in fact there is no marked difference in the complexing capacity of

these two lakes. Consequently, in order to obtain at least one set of
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bioassay data from‘1akes differing in this regard, continuous culture Run 5
investigated the effects of meta]é on two additional lakes, Clearwater and
South McDougal (Figure 1). Clearwater Lake is a truly clear water lake of Tow
complexing capacity, and South McDougal Lake is a brown water lake of high
complexing capacity. »A summary of some physical and chemical characteristics
of these four lakes 1is presented in Table 1.

A summary of all bioassays performed is presented in Table 2.

A11 metal additions were made as sulfate salts.

Analyses and Measurements

The effects of copper, nickel and sulfuric acid on the growth of
algae was measured primarily through fluorometric determinations of chlorophyl]
a (corrected for phaeopigments) using 90% acetone extractions (Strickland and
Parsons 1968). The samples were filtered through Whatman GF/F glass fiber
filters. Acetone extracts from field bioassays and some laboratory bioassays
were stored in the dark in a freezer for periods of up to 10 dayé prior to
fluorometric analysis. Most measurements were made with a Turner Model 111
fluorometer. However, when this instrument failed, an Aminco-Bowman spectro-
photofluorometer was used during a portion of Run 3 and all of Run 4 for both
field and laboratory bioassays. Excitation and emission wavelengths on this
instrument were set at 430 and 672 nm, respectively. Both fluorometers were
calibrated with acetone extracts whose chlorophyll content was determined with
a Hitachi Model 191 spectrophotometer using the trichromatfc method (Strickland
and Parsons 1968). The extracts for calibration were derived from a laboratory

culture of Selenastrum capricornutum. In all bioassays chlorophyll determinations

were made on alternate days three days a week on all cutlures and enclosures.
Two additional measures of treatment effect, algal species cell counts

and rates of carbon-14 assimilation, were employed. Samples for cell counts,
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consisting of 100-ml aliquots preserved with 1% acid Lugol's solution, were
taken from one of each replicate set of enclosures at the beginning and end
of each run. Counts were performed by Ecology Consultants, Inc., Fort Collins,

Colorad

(Details of the counting method are included in the Aquatic Biology

Opera ons Manual). Carbon-14 uptake was used to determine the relative

productivity of algae in field enclosures. For these measurements 150-ml

samples were removed from selected enclosures and inoculated with 1 ml

aqueous NaH]4C0 solution (5 uCi/m1). Incubatiohs were conducted at ambiént

3
air temperature in a shady location for approximately 2 hours. After
transporting the samples to Duluth in the dark, sub-samples were filtered
through HA Millipore filters (0.45 u) and the filters were stored in a '

dessicator for tWo days. Carbon-14 uptake was measured with a Beckman LS 8000 !
automated scintillation counter using a toluene scintillator (Lind and Campbell ]
1969). Relative productivity was generally determined for both replicates

of those treatments selected for productivity measurements. Replicate
measurements were made on some samples to estimate the error of the technique.
. The mean disintegrations per minute (DPM) was ca1cu]at¢d‘f0r each treatmént,

P

and a relative production/biomass (P/B) ratio was determined using chlorophyll

a as an indicator of algal biomass.

Total alkalinity and pH were monitored on a wee&}y basis, the former
using bromcresol green / methyl red indicator. A Hellige Lilliput pH meter
was used in the f1e1d, while a Radiometer Model 29 pH meter was used forv
laboratory bioassays. In field Run 5 bacteria populations were measured
using a standard plate count technique (American Public Health Association
1971). |

Samples for total and dissolved copper, nickel and organic carbon

were collected at the end of each week during fié]d tests. 'Composite samples
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were collected from Taboratory cultures by combining aliquots of equal

volume collected weekly. In general, samples were taken from only one of

each set of replicate treatments. Dissolved fractions were determined on
samples filtered through HA Millipore filters. The filters were pre-rinsed
with 200 ml of double-distilled, deionized water. ATl éamp]es were acidified
with 1.5 ml of ultrapure 10% HNO3 for every 100 ml of sample and stared in
acid-washed polyethylene bottles supplied by the Minnesota State Department of
Health. Samples were refrigerated and kept in the dark until shipped to

the Department of Health for analysis.

Field Bioassays

Field operations were headquartered at the U.S. Forest Service North
Central Research Station located on Birch Lake (Figure 1). Chlorophyll
extractions and routine chemical measurements were performed at this location.
Acetone extracts were stored in blackened, air-tight vials in a freezer and
transported weekly to Duluth for fluorometric analysis.

In situ bioassays were conducted on Birch and Greenwood lakes. In the

 first four tests identical treatments of copper, nickel, and copper-nickel
combinations were assayed concurrently on the two lakes (Table 2). The

fifth bioassay examined interactions of copper and zooplankton populations

in determining algal growth in Greenwood Lake. One site in the pelagic zone

of each lake was selected for in situ work (Figure 1). The site on Birch

Lake was in the vicinity of "Birch Lake Sample Site #1" used by aquatic
team of the copper-nickel study group. The site on Greenwood Lake was located
near the southwest end of the lake. Eight to twelve enclosures were placed
in,éach lake depending upon the number of treatments being assayed.

Field Run 1 was a preliminary test using polyethylene bags as enclosures.

These bags proved unsatisfactory as ho1es developed in the polyethylene under
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the continued stress of wave action, and subsequent experiments employed
Pyrex enclosures. The design and sampling procedures for the bags were
similar to those described below for the Pyrex carboys.

The Pyrex enclosure system is illustrated in Figures'Z and 3. The
entire system was held in place with a cement block attached to a surface
float. The anchor block was enclosed with a plastic bag to avoid conta-
mination of surrounding waters with calcium leached from the cement. The
actual enclosure was a 21-1iter Pyrex carboy suspended from the float with
a line tied around its neck. The carboys were fitted with neoprene stoppers
held tightly in place with metal clamps from canning jars. Two tubes passed
through each stopper: an air exhaust/inlet tube and a sampling tube. The
~air exhaust/inlet tube was simply a smal]-diameter Tygon tube approximately
1 m in Tength which was sealed at its top end with a screw-type tubing
clamp. During sampling, the clamp was removed, allowing air to flow into
the carboy as water was pumped out through the sampling tubé. The sampling
tube consisted of (1) a length of rigid ].9-cm PVC plumbing pipe which extended
from the stopper to about 2/3 of the d1stance to the base of the carboy on
the inside, and (2) a 1-m length of Tygon tubing c]amped to the PVC pipe just
above the stopper and sealed tightly at its top end with another neoprene
stopper. A Guzzler 400 hand pump (Dart Union Co., Rfovidence, RI) was ’
fitted with polypropylene tubing and PVC elbows at each end and used both
to withdraw and return water to the carboys. This scheﬁe permitted all
sampling operations to take place without removing carboys from the lake.

For sampling, the elbow on the output end of the pump was inserted
in the sampling tube of the carboy, the air exhaust/inlet tube was opened,
and 20 pump strokes of air were pumped into the carboy to mix its contents
thoroughly.  (This last procedure was not perforﬁed in Runé 1 and 2.) The

pump was then immediately reversed, ‘and six liters of water (33% of the
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carboy's contents) were removed. A portion of this water was stored in a
1-Titer polyethylene bottle in a cooler and used as sample water for
all analyses. After removal of the sample water, 200 ml of metal solution
was poured into the carboy (treatment carboys only) through fhe sampling
tube, the pump was again reversed, and lake water was pumped from a depth
of 0.5 m into the carboy to restore the original volume (18 liters).
Final carboy volume was determined by noting when the carboy achieved
slightly greater than neutral buoyancy. In essence, the carboys were operated
as partial flow-through systems. On each saﬁp1ing day 1/3 of the total
enclosure volume was removed and replaced with fresh lake water with
appropriate metal additions.

Since the enclosure volume was maintained at 18 Titers, there was a
3-liter air space in the carboy. This allowed some mixing to take place
and also helped to prevent C02 and oxygen depletion. Dissolved oxygen levels
in select carboys were checked periodically (Winkler titration) and combared
to Take levels. Oxygen dep]etio@ was never observed.

A1l hardware in contact with sample water (e.g., carboy, sample tubing,
»etc.) was acid washed w1th 50% HC1 and rinsed with doub]e distilled,
deionized water prior to each run.

Sampling was conducted during the morning hours‘59:00 to 10:30 A.M.)
on alternate days three days a week. During those runs in which two lakes
were involved, schedules were staggered so that one Take was sampled each
déy. Daily records were kept regarding general weather conditions,
precipitation, air and water temperature, and percent cloud cover. Temperature
vprofi]es were obtained weekly. Light penetration in both 1akes.was measured

in early June and again in mid-July using a Secchi disk and a submersible
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photometer. The June measurements indicated that 10% of the incident 1ight‘
penetrated to a depth of 0.9 m in Birch Lake and 0.6 m in Greenwood Lake;. As
a result, the enclosures were suspended with their upper water level at a
depth of 0.5 m in both lakes.

Special mention hust be made regarding Run 5 in which zooplankton
populations within the enclosures were altered. Précedures were idehtica]
to those already described with the following exceptions:

1) In treatment bottles in which 1t was desired to eliminate the

larger zooplankters, a 200-u mesh net was fitted over the sampling

tube prior to initial filling and during all subsequent additions

of lake water.

2) In treatment bottles in which it was desired to increase

zooplankton populations, 18 Titers of water were filtered through

the 200-p net immediately after the initial filling, and the zoo-

plankters collected were added to the bottle via the sampling tube.

Thus, the populations of large zooplankters were doubled in these

treatments. At subsequent §;mp11ng periods a volume of lake water

equal to that removed during sampling (6 ]iters)ﬂgas filtered through

‘the net, and these zooplankters were also added to the bottle.

3) 'Zoop1ankton samples were collected from each enclosure on each

sampling day. Four liters of enclosure water wefe filtered through

an 80~y mesh Wisconsin net and the entrapped organisms preserved with

2% formalin. The relative density of zooplankters in each enclosure

was determined subjectively through visual inspection of the samples.

Continuous Culture Bioassays

Seven continuous culture bioassays were conducted at the University of

Minnesota, Duluth, Limnological Research Station. Generally, waters from
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two Takes were studied simultaneously, testing identical treatments on each
lake. In addition to tests involving copper énd nickel, two bioassays were
conducted in which the pH of the culture water was experimentally lowered
(Table 2).

Chemostats similar in design to those described by Carpenter (1968)
were housed in a large walk-in incubator. The cultures were grown in 6-liter
Florence flasks (4-Titer culture volume). Two eight-channel Gilson peristaltic
pumps were used to deliver reservoir medium and metals to sixteen cultures.
During the first four runs the flow to each culture was maintained at 0.7
ml/min (dilution rate = 0.25/day), while during the last three the flow was
0.4 ml/min (dilution rate = 0.15/day). The f]ow rate was reduced during the
latter portion of the study because growth rétes.and chlorophyll levels were
lower during the winter months. Lighting was provided by four banks of
wide-spectrum Grolux fluorescent 1lights on an 13:6 light/dark photoperiod.
Light intensity was approximately 3120 Tux (S.O‘watts/mz). Culture water
temperature was maintained at lake temperature at 0.5 m depth except in
Runs 6 and 7. During these runs culture water temperafure was held 5-6°C
above lake temperature. A1l cultures were mixed continuously by bubbling
with filtered air.

A11 hardware in contact with culture or reservoir water was acid-washed
with 50% HC1 and rinsed with double-distilled, deionized water prior‘to each
test. Silicone tubing was used for all sample and delivery tubes.

During the initial set-up of Run 5, an assessment of bias in terms
of culture placement and Tighting was made. The initial cultures were
placed in the incubator for a three day perioé without receiving metal

additions or flow from the reservoirs. At the end of this period chlorophyll a




was determined in all sixteen cultures. Chlorophyll Tevels were identical

(£10%) 1in each set of eight cultures containing water from the same lake.

Perhaps the most critical methodological problem associated with the
culture experiments was that of reservoir water sterilization. Two
preliminary tests using water from Cloquet Lake (high TOC) and Birch Lake
were run to compare algal response to 50 ug/1 Cu++ with heéf—steri]ized
and filtered (0.45 1) water as the reservoir medium. These tests indicated
no difference in algal growth (measured by chlorophy1l a) using the two
types of media. Conseduent]y, the heat-sterilization method, being Tess
expensive and time-consuming, was chosen for the study.v A

Water was heat-sterilized by raising its'temperature to approximately
938°¢ (steaming) for 20 minutes. The water was then cooled to room temperature
and bubbled with HA MilTipore filtered gas (5.1% COZ’ 11.8% 02, 83.1% NZ)
until the initial pH was restored. Additions of metals, phosphorustand
nitrogen were then added directly to the reservoirs. Five ug/1T P (as mono-
basic sodium phosphate) and 50 ug/1 N (as sodium nitrate) were added in
Runs 2-7. In Run 1 the reservoirs were not enriched .with N or P.

The reservoir waters were kept in 21-Titer Pyrex bottles covered with
black plastic bags and sealed with neoprene stoppers. Each reservoir served
as a ﬁedium source for a replicate pair of culturess Reservoir water was
replaced weekly with fresh, sterilized Take water. The reservoirs were
housed 1in the incubator with the cultures.

Initial culture and reservoir water was collected in the pelagic
zone at a depth of 0.5 m. In the case of Birch and Greenwood lakes, the

collection sites coincided with the Tocation of in situ enclosures, thus,

assuring that similar waters were tested in laboratory and field during
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coordinated studies. Water for initial cultures was filtered through 200-y
mesh cloth to remove the larger zooplankters and immediately placed in the
incubator. During all but the last two tests, metals were not added directly
to the initial cultures. Instead, metal concentrations in the cultures
increaéed exponentially to the test levels as reservoir medium was pumped in.
In Runs 6 and 7 the test concentrations of metals were added to the initial
cultures as well as to the reservoirs.

The pH was adjusted in Runs 6 and 7 by adding appropriate amounts of
0.02 N HZSO4. In Run 6 pH was adjusted in reservoirs only, and it was
expected that the pH in the cultures would shift Qradual]y to the desired
level. However, as a result of the spontaneous rebound of reservoir water
PH, the desired change was not attained until acid wasAadded directly to the
cultures (see results). In Run 7 the pH was lowered 0.5 pH units every
sampling day by direct addition of acid to the cultures until the desired
pH was attained. Thereafter, daily additions of acid to the cultures were

necessary to maintain this pH. o
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RESULTS

Temperatures and chemical data for the four study lakes are presented
in Table 3 for each run. Both Greenwood and Birch lakes maintained tempera-
tures near 20°C during the first three runs. During Run 4 (mid to late
August) the wedther was unusually cold, and temperatures began to fall. Lake
temperatures continued to drop throughout the autumn season. Temperature pro-

files of the lakes indicated that neither lake stratified. | |
| The total organic carbon present in Birch Lake was relatively constant

at 15-18 mg/1 during the summer, increasing to 22-23 mg/1 in late auﬁumn.
TOC in Greenwood Lake remained near 25 mg/1 until late September when it in-
creased to 34 mg/1. This increase coincided with heavy rains and extremely
high lake levels. Clearwater Lake (6 mg/1) and South McDougal Lake (35 mg/1)
represent the extreme ranges of TOC for lakes of the study area. The organic
carbon analyses show that nearly all carbon in the lakes was present in dis-
solved (<0.45 u) form.

A1l of the lakes were slightly acid with Tow total.alkalinities. Con-
centrations 6F copper and nickel were quite low and insignificant compared to
treatment levels. |

The measured treatment concentrations of metals weére generally slightly
Tower but within 10% of the nominal (desired) concentrations (Tables 4a and 4b).
The maximum difference between metal concentrations in replicate pairs was 8.9%.
Measurements of total and dissolved metal concentrations indicated that the
metals were present,a1mbst entirely in disso1ve§ (<0.45 u) form.

The calculated concentrations of chlorophyll a and phaeopigments present
in all treatments are 1isted in Appendix A. A summary of ‘all bioassay results

is presented in Table 5.
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Run 1: Effects of copper on Birch and Greenwood lakes.

1) In situ tests. Data from this experiment are limited since many of

the polyethylene bags developed leaks. After one week only six of the ori-
ginal sixteen bags remained intact.. In Birch Lake only 50 and 200 ng/1 Cu

were adequately tested, but both appeared to depress chlorophyll levels (Figure
4). Exposure to 200 ug/1 Cu reduced chlorophyll a to approxfmate]y 20% of

the control, and the apparent toxic effect of this concentration was observed
on the first day of sampling (day 2). In the case of the 50 ng/1 treatment,
the effect is less certain since replicate treatments were not available to
provide an estimate of experimental error. Chlorophyll in the control bag

was comparable to Take levels.

In Greenwood Lake the effects of 100 and 200 ug/1 Cu were assessed, and
both reduced chlorophyll levels appreciably (Figure 5). At the end of the
test the chlorophyll Tevel in the bag treated with 200 ué/T was approximately
40% of the control bag. Thus, the same treatment (200 ug/1) appeared to be

more inhibitory in Birch than in Greenwood Lake.

2) Continuous qu]turé tests. In general, the reiJ]ts of the Tlaboratory
tests were similar to those obtained in the field during this run. In Birch
Lake all metal concentrations tested (50, 100 and 200 ng/1 Cu) were toxic,
reducing chlorophyll a to levels significantly Tower t;an controls (Figuré 6).
Cultures treated with 100 and 200 ug/1 were virtually indistinguishable on the
basis of chlorophyll concentrations, while the effect of 50 ug/1 was perhaps
less pronounced. The abrupt rise on day 13 in the relative chlorophyli %n
the 50 pg/1 cultures is worth mention since similar chlorophyll peaks were
observed in subsequent tests. . The reduction in chlorophyll levels was ap-

parent in all treatments on the first sampling day’ (day 4).
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In Greenwood Lake, as in Birch Lake, all metal concentrations tested
reduced chlorophy1l concentrations significantly (Figure 7). However, 1in this
case, 200 ug/1 Cu appeared to be more toxic than either 50 or 100 ug/1. The
Tatter two treatments were indistinguishable. The degree to which chlorophyl]
was reduced was similar to that observed in Birch Lake, a]though the effects

of the treatments were not apparent as early in Greenwood Lake as in Birch Lake.

Run 2: Effects of copper on Birch and Greenwood_]akes

1) In situ tests. This run was the first using g]assAcarboys as en-

closures. Replication of treatments was poor, especially in Birch Lake where
the data points are so erratic that it is impossible to draw any conclusions
(Figure 8). It is likely that these poor results were due to inadequate mix-
ing of the water in the enclosures, since no effort was made to homogenize the
contents of the enclosures prior to withdrawing samples. In subsequent runs
the enclosures were mixed by bubbling with air (see METHODS) and repTicatioﬁ
of treatments was good. This suggests that algal cells in the carboys tend
to settle and/or adhere to the carboy walls. .
Replication of treathents was somewhat better in Greenwood Lake, where
100 ug/1 Cu was clearly inhibitory (Figure 9). However, by day 12 chlorophyll
levels in these enclosures had risen to equal those of the controls. Treat-

ments of 20 and 50 pg/1 Cu had no discernible effect on algal biomass in this

experiment.

2) Continuous culture tests. In Birch Lake the three treatments (20,

50 and 100 ug/1 Cu) had three distinctly different effects (Figure 10). The
effect of 20 nug/1 Cu is rather difficult to interpret, although identical in
the two replicate cultures. While a chlorophyll peak (above controls) occurred

~on day 13, the final chlorophyll concentrations on day 17 were only 50% of the
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'controls. “The 50 ng/1 treatment was dramatically stimulatory with a chloro-
phy11 peak on day 10. The peak in one culture was nearly 9 times that.of the
controls. Subsequently, chlorophyll levels in these cultures declined, and by
day 17 they were less than twice the control values. The 100 ng/1 tfeatment
was clearly toxic; by day 13 chlorophyll concentrations in these cultures were
less than 10% of control Tevels.

The results for Greenwood Lake (Figure 11) were similar to those for
Birch. The 20 ug/1 treatment was at fifst mildly stimulatory, then toxic.
Markedly elevated chlorophyll levels were observed in the 50 pg/1 cultures
on days 13 and 15. Once again, this stimulatory effect was short-lived; on
day 17 there was Tlittle difference between these cultures and the controls.
Treatment with 100 ug/1 Cu resulted in reduced chlorophyll levels, and this
effect was evident even in the beginning of the experiment. By day 17, chlor-

ophy1l in these cultures was approximately 10% of controls.

Run 3: Effects of nickeT on Birch and Greenwood lakes.

1) In situ tests. Birch and Greenwood lakes respgnded similarly to
additions of nickel (Figures 12 and 13). Treatments of 100 and 400 ug/1 Ni
had no effect on algal biomass, except perhaps in Birch Lake where the 400 ug/1
enclosures were slightly lower in chlorophyll content than the controls during
the last three sampling days. The 1000 ng/1 treatment significantly reduced
chlorophy1l concentrations in both Takes, an effect which was first noticed
on day 7 in each case. The extent of the reduction was Simiiar in the two
lakes. In Greenwood Lake chlorophyll Tevels in the enclosures were similar to
those in open Take water. In Birch Lake chToréphyl] Tevels in the enclosures
were significantly lower than open lake values, probably because of a phyto-

plankton bloom which began in the lake after the éxperiment had started.
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2) Continuous culture tests. In Birch Lake the treatment of 1000 wg/71 Ni
was severely toxic (less than 5% of controls by day 13), and the 400 ug/1 treat-
ment was perhaps slightly toxic (Figure 14). These results are in qualitative
agreement with the in situ test results. In contrast, the treatment of 100 ug/1
Ni exhibited a definite tendency to cause temporary chlorophyll peaks (growth
stimulation ) much as did Tow concentrations of copper in previous runs. This

stimulation by nickel was not observed in the field or in later laboratory
tests (which, however, employed much larger nickel concentrafions).

In Greenwood Lake 1000 ug/1 Ni was immediately and severely toxic (Figure
15). The magnitude of the chlorophyll reduction was comparab]e to that in
Birch Lake cultures but much greater than that observed in the field in either
lake. Cultures treated W1th 400 ug/1 maintained ch]orophy11}1eve1s similar
to the controls until day 10, after which they dropped sharply. This drop in
chlorophyll coincided in time with a drop in Birch Lake for this same treat-
ment (Figure 14). Unlike Birch Lake, cultures treated with 100 ng/1 Ni also
showed reduced chlorophyll. This effect was apparent even in the early days
of the run. However, on day 13 a chlorophyll peak occurred in one of ‘the cul-
tures of this treatment, again suggesting that Tow concentrations of metals
may have stimulatory effects.

Run 4: Effects of copper, nickel, and copper-nickel combinations on Birch
and Greenwood lakes.

1) In situ tests. In Birch Lake all of the treatments were toxic

(Figure 16). The effects of 50 ug/1 Cu were only slightly less than those of
100 ug/1 Cu, and both of these treatments recovered to control Tevels by the
end of the run. Interestingly, this recovery Qas not yet apparent on day 16

of the test. Although showing about the same toxicity as the copper treatments,

the 800 ng/1 Ni treatment had not recovered by the end of the test (day 21).




..27...

The most toxic treatment was the combinétion of 100 ug/1 Cu and 800 ug/1 Ni.
The result of this treatment appeared to be an additive effect of the two
metals; neither synergism nor antagonism was evident. No tendency of this
treatmént to recover to control levels was observed.

A drop in chlorophyll concentration was observed in all enﬁ]osures im-
mediately after the start of the experiment, and chlorophyll in the ehc]osures
remained lower than that in open lake water for the duration of fhe test.
This phenomenon was not observed in other field bioassays and is probably
related to the fact that Birch Lake chlorophyll levels were unusually high
at the time of the experiment. Apparently, whatever factor(s) was maintain-
ing this bloom was at Jeast partly excluded from the environment of the test
bottles.

The response of Greenwood Lake was quite different than that of Birch
Lake (Figure 17). Consisﬁent and prolonged increases in chlorophyll content
over controls were observed in treatments receiving both 50 and 100 ng/1 Cu.
The increases were somewhat greater in the 50 than the 100 ng/1 treatments.
Both the nickel and the copper-nickel combination treatments were inhibitory,
the Tatter slightly more so than the former. There was also a consistent
trend towards recovery in these treatments. It is of interest that despite
the fact that 100 ug/T Cu was stimulatory by itself, adding it to 800 ng/1. Ni
resulted in a further reduction in chlorophyll. In general, however, the
nickel and copper-nickel additions used in this run were more toxic in Birch
Lake than in Greenwood Lake.

Production/biomass ratios were calculated for the control and copper-
treated enclosures in Greenwood Lake on days 17‘and 22 (Table 6).V The ratios
for the copper-treated enclosures were not signifi;ant]y different from those

for the controls.
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2) Continuous culture tests. The two lakes responded simiTar1y to

the treatments, all of which were toxic (Figures 18 andv19)‘ The combination |
of 100 ng/1 Cu and 800 ug/1 Ni was the most inhibitory. Additions of 100 ug/1 Cu

and 800 ng/1 Ni by themselves resulted in equal reductions in chlorophyll.

Although the treatments produced effects of similar magnitude in Birch and

Greenwood lakes, inhibitionoccurred more quickly in Birch Lake.

Run 5 (Field): Interaction between copper and zoop]ankton in Greenwood Lake.

The apparent stimulation of algae by copper in Greenwood Lake in Run 4
seemed to warrant further investigation. If copper was a limiting nutrient
in that experiment, one would expect to find higher P/B ratios in copper-
treated enclosures. Since this was not the case, other hypotheses must be
considered. One attractive hypothesis is that zooplankton are more sensitive

.to the copper additions than are the algae and are either killed or unable.
to graze normally in copper-treated bottles. Since Greenwood Lake was ob-
served to héve large populations of copepods and cladocerans, inhibition
of zooplankton grazing might be expected to result in accumulation of algal
biomass. Field Run 5 wasﬁdesigned to test this hypothé;is.

When the large zooplankters were experimentally removed in two of the
bottles, chlorophyll levels increased significantly aboVe contrbl.1evels
(Figure 20, with plastic overlay). In bottles in whic; the zooplankters
were removed and which received 50 ug/1 Cu, chlorophyll levels were even °
higher. However, 50 ug/1 Cu alone did not stimulate chlorophyll Tevels in
this experiment, nor did the addition of extra zoop]anktérs have any effect.
The remaining treatment, 50 ug/1 Cu plus added zooplankters, appeared to
have some stimulatory effect. Unfortunately, severa]tbott1es were lost

during this run as a result of vandalism.



-29-.

Production/biomass ratios for this run show, with one exception, Tower
ratios in treatments which included zoop1énkton removal (Table 7). Bottles
receiving only 50 ug/1 Cu did not show lower P/B ratios.

Bacterial plate counts showed higher bacteria popu]atfons in all bottles |
than in open lake water (Table 8). Variability among the counts was high,
and there was no apparent relationship between bacteria populations and metal
treatments. |

Algal populations and water temperatures were both considerably lower

in this run than in Run 4, making direct comparisons between these run hazardous.

Run 5 (Continuous Culture): Effects of copper and nickel on Clearwater and
South McDougal lakes. ’ '

A1l of the treatments (50 and 100 ug/1 Cu, 1000 ng/1 Ni) were severely
toxic in Clearwater Lake, reducing chlorophyll concentrations to about 10%
of the controls (Figure 21). No differences among the treatments were evi-
dent. There was some suggestion that Tow concentrations of these metals might
also be stimulatory in Clearwater Lake since a rise in chlorophyll was detected
in all treated cultures on the first sampling day when .metal concentrations
were still quite Tow.

In South McDougal Lake the treatments were also toxic, but much less so
than in Clearwater (Figure 22). The nickel treatment Was most toxic, reducing
chlorophyll to about 20% of the controls. The 100 ug/1 Cu treatment was ini-
tially more toxic than the 50 ng/1 Cu treatment, but between days 5 and 8
both of these cultures recovered, finally achieving chlorophyll values of
about 65% and 80% of the controls. In contrast, the 50 ng/1 cultures had

values of only 30% and 50% of controls at the end of the experiment.
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Run 6 (Continuous Culture): Effect of Towered pH in combination with copper
and nickel on Birch Lake.

|
A1l of the metal treatments tested in this run were toxic (Figure 23, l
|
with plastic overlay). Their ranking in order of increasing toxicity was:
100 ug/1 Cu < 600 pg/1 Ni < 100 ug/1 Cu + 600 pg/1 Ni. This ranking was o

the same for both normal-pH and pH-altered cultures. It was not possible to

|

test for synergism in this experiment since the mono-metal treatments alone 1
reduced chlorophyll to less than 50% of controls. Thus, the combined effect
of the metals was necessarily less than additive. Cultures receiving 100 ng/1 Cu |
showed some tendency to recover. l
Lowering the pH to 6.2 had no appreciable effect on the treatments, A |

but the sudden drop in pH to 4.6 on day 11 resulted in a sharp decline in

chlorophy1l in those cultures which were not treated with metals. In contrast,

the metal-treated cultures showed no abrupt declines at this time.

Run 7 (Continuous Culture): Effect of lowered pH in combination with copper
and nickel on Birch Lake. ‘

Run 7 was identical to Run 6 except that 400 instead of 600 ug/1 Ni
was tested and the pH of one set of cultures was adjusfgd to 5.0 on a daily
basis. The 100 ug/1 Cu treatment was somewhat less toxic in this run than in
Run 6 (Figure 24, with plastic overlay). The Towest chlorophyll concentration
recorded for this treatment was approximately 50% of t;e controls, and reéovery
was complete by the end of the run (day 14). Similar remarks apply to the
cultures receiving 400 ug/1 Ni. The cultures receiving the combined copper-
nickel treatment were consistently lower in chlorophyll than the cultures-
receiving only a single metal, and some recovery occurred in only one of the

two cultures. The two metals did not appear to act synergistically in this

run.
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In those cultures in which pH was manipulated, the pH rebounded to
some extent after each addition of acid, so that the pH actually fluctuated
between 5.0 and 6.0. The cultures which received acid but no metals actually
increased in chlorophyll above the controls, in one case to as much as 200%.
In the meta]—tkeated cultures Towering the pH seemed to have Tittle effect
on toxicity, except that recovery trends were less pronounced and no treat-

ment had returned to control Tevels by the end of the run.

Phytoplankton Cell Counts

In continuous culture Run 2 diatoms apparently accounted for the chloro-
phy11 peaks observed in both Birch and Greenwood lakes (Table 9). It is of
interest that while these diatoms were more abundant in the 50 ng/1 Cu treat-
ments than in the controls, they were severely inhibited in the 100 ug/1 Cu
treatments.

Cell count data for fie]d Runs 2-5 are presented in Tables 10-13. These
results may be summarized as fo]]oys:

1) Diatoms showed both stimulation and inhibition in response to metal
treatments. Frequently, étimulation at low concentrat{gns was accompanied
by inhibition at high concentrations.

2) Blue-green algae were probably the most sensifive of the algal
groups. They were never stimulated by low metal concentrations and were
often inhibited by Tlevels as Tow as 20 ug/1 Cu and 100 wg/1 Ni. However,
the genus Agmenellum, often abundant in these lakes, was resistant to even

high concentrations of metals.

3) Among the Chrysophytes, Dinobryoh and Hyalobryon were sometimes

strongly stimulated by SOkand 100 ug/1 Cu. This stimulatory effect vanished

when 800 ug/1 Ni was added to the copper treatment in Run 4.
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4) Some species of algae (especially blue-greens) were more inhibited

by 100 ug/1 Cu than by 800 ug/1 Ni, but for other species the reverse was true.

5) Although the total number of species present in Birch and Greenwood
lakes was similar, generally more species were affected by the metal treat-
ments (positively or negatively) in Birch than in Greenwood Lake.

6) Low level metal treatments usually resulted in the stimu]atioh of
some algal species and the inhibition of others. Consequently, significant
shifts in species composition occurred at Tow metal concentrations, and these
shifts persisted even after chlorophyll concentrations recovered to control
levels.

7) Inhibition and/or stimulation of particular species frequently
occurred without detectable differences in chlorophyll between treatment
and control bottles. In fact, some species often showed stimulation when

the chlorophy1l response was negative, and vice versa.

Phaeopigments

With few exceptions, phaeopig%ent/ch]orophy]i a ratios agreed with
the assessments of toxicity made using only the chlorophyll a values. Thus,
in treatments in which chlorophyll a was Tower than controls, the phaeo-
pigment/chlorophyll a ratio was higher; and in tréatments in which chloro-
phyll a indicated stimulation, the ratio was lower. In cases which were
exceptions to these trends, the ratios of the treatments were similar to
those of the controls. In addition, the phaeopigment/chlorophyll a ratio
was useful as an indicator of the degree of toxicity; that is, there was
a positive correlation between the degree of toxicity and the ratio.
Phaeopigment/chlorophyll g.ratids in natural Take water generally
ranged from 0 - 0.2. HoWever, in Greenwood Lake in late summer (latter por-

tion of Run 3 and all of Run 4) phaeopigment concentrations increased markedly
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as chlorophyll a levels dropped. During this time the ratio reached a peak
value of 0.42. The decline in algal populations at this time corresponded

to rapidly dropping lake temperatures. In the field bioassays contro]ven-
closures exhibited ratios similar to those of lake wéter. In control labora-
tory cultures, however, phaeopigment/ch1orophy11 a ratios were typica}]y

Tow at the start of an experiment (0 - 0.1) but rose during the middle of

the test to values of about 0.3 - 0.6. Subsequently, the ratios again de-
clined.

In treatments which appeared toxic (as indicated by depressed chloro-
phy1l a levels) the ratios were often as high as 3.0 - 7.0 in laboratory
cultures and as high as 0.6 in the field enclosures. These results are in
agreement with chlorophyll a measurements in indicating that algae in the
continuous cultures were far more sensitive to the toxins than algae in the

field enclosures.
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DISCUSSION

The levels of copper and nickel found to be toxic in this study are
consistent with the findings of other workers. Our study also agrees with
published information which indicates that copper is less toxic to algae
in waters of high humus content. For example, Clearwater and South McDougal
lakes differ greatly in TOC, complexing capacity, and in response to copper
additions. In this regard, our data suggest that complexing capacity may
be a better measure of a lake's resistance to copper poisoning than TOC.
Birch and Greenwood lakes differ significantly in TOC but overall showed
similar responses to copper additions, Birch being only slightly more sensi-
tive than Greenwood. This latter observation correlates well with measure-
ments of complexing capacity on the two lakes (Table 1). More data are needed
- to establish complexing capacity as a valid predictive tool‘in algal thié
city tests.

Algae 1in continuous cultures Eeheral]y showed more extreme responées
to metal additions than algae in field enclosures. Both stimulatory and
toxic responses were usually of Qreater magnitude in the laboratory. Several
factors might be involved: 1) Algal densities in the continuous cultures
were always much lower than in the field. Low cell densities mean low con-
centrations of excreted metabolic products, some of which may be important
in complexing metals. 2) The reason for declining cell densities in the
cultures is not clear. It is possible that the algae are already stressed
in the culture environment and, consequently, that metals are even more toxic
in the cultures than they would be under natural conditions. 3) The complex-
ing capacity of the lake Water may have been lowered when the reservoir water

was heat-sterilized. At the moment, we cannot choose among these theories.
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It seems certain, however, that the use of continuous culture bioassays would
Tead to more conservative management decisions than the use of field bioassays.
The longest bioassay conducted in this study was field Run 4, which
- lasted 22 days. The copper-treated enclosures in this test were observed to
recover, approaching control chlorophyll values, on day 19 1in Birch Lake
(Figure 16). Numerous other instances of recovery or partial recovery of
treated cultures or enclosures were recorded. Thus, our data support the
contention of Stockner and Antia (1976) that relatively long term bioassays
are essential to adequately assess the potential of algae to adapt to pollu-
tants. This recovery phenomenon is almost ceratinly a biological response
of the algae themselves (whether physiological or genetic) rather than a re-
sult of chemical changes occurring through time in the test water (e.g., see
Stokes et al. 1973), and its occurrence rather seriously complicates the ap-
plication of bioassay results to practical management decisions and the set-
ting of water quality standards. For example, while 100 ng/1 Cu was usually
toxié to algae in the lakes we studied, it seems quite possible that on a

time scale of months many algae could successfully adapt to this copper con-

centration. Indeed, Stokes et al. (1973) have isolated a strain of Scenedesmus

which grows at concentrations of 400 ug/1 Cu and 1500 ng/1 Ni. On the other
hand, it is also Tikely that, were such concentrations+allowed to persist -
in the environment, important changes in phytoplankton species composition
and food web relationships would occur, We have almost no ability to predict
these changes with bioassay experiments.

Little evidence was found to support the idea that copper and nickel
act synergistica11y in these lakes (see Hutchinson 1973). When copper and
nickel were tested individually and in combination? the effect of the combina-

tion treatment appeared to be an additive effect of the two metals administered
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singly. Our data on this question are not extensive, however, and more in-
formation would be desirable.

A somewhat unexpected finding was the rather frequént occurrehce of
chlorophyl1l increases, or peaks, above controls in metal-treated ehc]osures
and cultures. Stimulatory responses were observed with concentrations of
50 and 100 ng/1 Cu and 100 ug/1 Ni. Few instances of stimulation of algae
by copper are reported in the literature, and in no case has a mechanism
for the stimulation been proved. In the marine environment Reeve et al. (1976)
found increasés of chlorophyll a in copper-containing experimental ecosystems
and suggest that decreases in zooplankton grazing pressure in these enclo-
sures are responsible. Working off the south coast of Finland, Niemi (1972)
found that low concentrations of copper (2.5 and 10 ug/]),‘pheno1‘and po-
tassium cyanide were stimulatory to phytoplankton. At a certain concentra-
tjon of each chemical an inhibitory effect became apparent. Niemi does not
discuss these results in detail, but since C-14 uptake was used as the mea-
sure of phytoplankton response and since phenol and potassium cyanide are
not known micronutrients, they clearly suggest that pthop]ankton may respond
to low levels of chemical stress . with a generalized increase in productivity.
Some support for this idea is provided by Ferstenberg et al. (1975) whose
growth rate experiments with laboratory and metal-tolerant strains of algae
showed initially higher rates of cell division compared to controls in cul-
tures treated with low levels of copper (50 and 100 ug/1). These authors
suggest that, since the initiation of cell division appears to be correlated
with a critical cell volume, cells taking up copper may reach this critical
volume sooner and thus divide more rapidly than cells which are not taking
up metal. Few studies concerned with natural 1éke waters have dealt with

this phenomenon. Steemann Nielsen and Laursen (1§76) have observed increases
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in the photosynthetic rate in a brown water Take treated with 25 ug/1 Cu.
However, they do not propose a reason for the stimulatory effect, except to
note that copper may be more completely complexed in this lake than in othef
lakes where this same concentration was inhibitory.

Field Run 5 in this study was designed to test the hypbthesis, sug-
gested by the field data from Greenwood Lake in Run 4, that chlorophyll in- 1
creases 1in copper-treated enclosures were a result of reduced grazing preésure
in these enclosures. Our data fail to confirm this hypothesis, which pre-
dicts that enclosures from which Targe zooplankters were removed would have
chlorophyll levels greater than or equal to enclosures from which the zoo-
plankton were removed but which also received 50 ng/1 Cu. Instead, these
latter enclosures showed an added stimulation above the former (Figure 20).
The suggestion is that copper has a direct stimulatory effect on the a]gae}
The fact that enclosures receiving only copper did not exhibif stimulation
above control enclosures is somewhat mystifying, but may be related to the
fact that conditions encounteréd in Run 5 (temperature, TOC, chlorophyll, lake
water level) were considerably different from those of field Run 4. Finé?1y,

it is well known that one effect of zooplankton grazing is to increase the

carbon fixation rates of algal cells, and our data confirm this point (Table 7).

The fact that 1ow-P/B ratios did not occur in field Run 4 or in enclosures
treated with only 50 ug/1 Cu in Run 5, but only where zooplankters were re-
moved, makes it appear unlikely that the zooplankton grazing hypothesis is
correct.

Nutrient Timitation is also an unattractive hypothesis to account for
these stimulatory effects. In continuous cuitu;e experiments chlorophyll
peaks were usually not observed until considerab]ebbui]dup of metal concen-

trations had occurred in the cultures. In addition, abrupt chlorophyll
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increases were typically followed by equally abrupt declines. These obser-
vations do not suggest nutrient limitation but are much more readily accounted
for if one assumes that the algae respond to Tow stress situations by an in-
crease in cell division rate. Thus, as concentrations of the metal build up
in the cultures, a point is reached several days into the experiment when
chlorophyll levels rise in response to mild stress. Then, as concentrations
continue to increase, toxicity quickly ensues. (Note: In the first five
continuous culture runs metals were not added directly to the cultures, but
only to the reservoir water. Buildup of metal concentrations was therefore
exponential. 1In Runs 1-4 buildup, as a percent of the final concentration,
was as follows: Day 1 - 22%, day 2 - 40%, day 3 - 53%, day 4 - 64%, day 5 -
72%, day 6 - 78%, day 7 - 83%, day 8 - 87%, etc. This method of administer-
ing metals in gradually increasing concentrations in the laboratory may help
to explain some of the differences in algal response noted in concurrent
field and laboratory bioassays.)

Obviously, our data are inconclusive regarding the reasons for stimu-
lation of algae by low metal concentrations. Two more observations are worth
mentioning, however: 1) In continuous culture Run 7 a pH drop to 5.0 resu]tedv
in an increase in chlorophyll, while in Run 6 a drop to pH 4.6 was apparently
toxic. Is it possible that Tow, marginally toxic pH's+*stimulate algae in a
manner similar to low concentration§ of metals? 2) In field Run 4 on Green-
wood Lake 100 ug/1 Cu stimulated chlorophyll, while 800 ug/1‘Ni was inhibi-
tory. Yet, when the two metals were added in combination, chlorophyll values
were even lower than in the 800 ng/1 Ni treatment. This observation provides
strong support for the notion that the algae are responding to 100 ng/1 Cu
as an environmenta]vstress, not as a growth stimu1§nt, and, indeed that the

two metals may have similar, additive physiological effects.
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In this study measurements of chlorophyll a alone proved
inadequate in assessing the extent of phytoplankton community responses
to metal additions. Our data suggest that changes in algal species com-
position may occur in lakes receiving metal inputs and that these changes
cannot be detected by measures of total biomass, but only by species cell
counts. At the moment we cannot say whether these species composition
shifts would be of a temporary or permanent nature. If permanent, they
could undoubtedly have important effects on aquatic food webs.

Different algal species showed a remarkable range of responses to

the same metal treatment under the same conditions. These varied responses
shed some doubt on the practice of uéing single species algal assays as a
means of determining realistic water aquality standards. Indeed, the problem
of setting standards is itself considerably complicated since one must choose
some criterion for establishing adverse environmental impact. What is this
criterion to be? Clearly, if the criterion is any change in community
composition, much lower critical Tevels of pollutants will be established
than if the criterion’is a change in total algal biqmass or the response of

a test algal species. In this regard, much more work is needed to establish

the long term meaning of species composition changes in algal bioassays.
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APPENDIX A

Calculated Chlorophyll a and Phaeopigment
Concentrations for Laboratory and Field Bioassays*

*Concentrations of chlorophyll a and phaeopigments are given in ug/1.



LABORATORY RUN

Birch Lake
Treatment 4 6 9 11 13 16
chl.a 3.20 1.12 0.74 0.32 0.15 0.20
control phaeo. 0.20 0.12 0.05 0.17 0.07 0.05
ratio 0.06 0.11 0.07 0.53 0.50 0.27
chl.a 2.85 1.23 0.41 0.25 0.07 0.09
control phaeo. 0.16 0.14 0.07 0.15 0.10 0.07
ratio 0.06 0.12 0.17 0.62 1.39 0.71
chl.a 1.28 0.71 0.34 0.11 0.11 0.05
50ug/1 Cu phaeo. 0.20 0.15 0.05 0.07 0.13 0.05
ratio 0.16 0.22 10:15 0.64 1.16 1.05
» chl.a 1.63 0.69 0.28 0.09 0.12 0.05
50pug/1 Cu phaeo. 0.20 0.12 0.07 0.07 0.12 0.07
ratio 0.12 0.19 0.28 | 0.85 1.00 1.34
chl.a 1.40 0.44 0.16 0.07 0.04 0.04
100pg/1 Cu phaeo. 0.26 0.05 0.04 0.11 0.11 0.07
ratio 0.19 0.13 0.30 1.70 2.37 1.60
chl.a 1.98 0.44 0.13 0.08 0.04 0.04
100ug/1 Cu phaeo. 0.00 0.00 0.01 0.10 0.07 0.07
ratio 0.00 0.00 0.11 1.20 1.88 1.60
chl.a 1.75 0.38 0.28 0.08 0.05 0.03
200ug/1 Cu phaeo. 0.08 0.09 0.07 0.10 0.09 0.08
ratio 0.05 0.24 0.26 1.25 1.63 2.29
chl.a 2.33 0.58 0.18 0.06 0.04 0.02
200ug/1 Cu phaeo. 0.02 0.19 0.09 0.05 0.08 0.11
ratio 0.01 0.33 0.50 . | 0.92 2.00 5.24




LABORATORY RUN
Greenwood Lake

Treatment 4 6 9 11 13 16
chl.a 3.88 2.17 1.20 0.47 0.24 0.12

control phaeo. 0.31 0.27 0.01 0.14 0.11 0.04
ratio 0.08 0.13 0.01 0.31 0.47 0.39
chl.a 2.64 2,02 1.02 0.41 0.28 0.29.

control phaeo. 0.03 0.19 0.05 0.09 0.09 0.03
ratio 0.01 0.10 0.05 0.23 0.35 0.12
chl.a 4.35 2.17 0.59 0.21 0.13 0.06

50ug/1 Cu phaeo. 0.00 0.62 0.16 0.11 0.16 0.07
ratio 0.00 0.30 0.27 0.53 1.25 1.15
chl.a 3.18 2,21 0.68 0.23 0.12 0.06

50pg/1 Cu phaeo. 0.25 0.29 0.14 0.13 0.12 0.04
ratio 0.08 0.14 0.21 0.56 0.99 0.62

chl.a 3.57 2,41 0.13 0.20 0.14 0.06

100yug/1 Cu phaeo. 0.50 0.33 0.03 0.15 0.19 0.07
ratio 0.14 0.14 0.23 0.77 1.40 1.15

chl.a 3.50 1.76 0.47: 0.20 0.11 0.11

100pg/1 Cu phaeo. 0.00 0.27 0.04 0.11 0.15 0.07
ratio 0.00 0.16 - 0.09 0.57 1.38 0.69

chl.a 2.48 1.31 0.20 0.07 0.04 0.04

200ug/1 Cu phaeo. 0.25 0.16 0.08 0.08 0.05 0.02
ratio 0.10 0.13 0.43 1.15 1.23 0.45

chl.a 4,27 1.37 0.25 0.09 0.03 0.01

200pg/1 Cu. phaeo. 0.33 0.17 0.03 0.11 0.10 0.07
ratio 0.08 0.13 0.14 1.18 2.95 4.16




LABORATORY RUN 2

Birch Lake

D 4
Treatment \\\iz\ 1 3 6 8 10 13 15 17
chl.a 6.82 | 1.75 - 0.26 | 1.46 | 1.08 | 1.26 .21
control phaeo. 0.00 0.47 - 0.17 0.00 0.00 0.00 0.16
ratio 0.00 0.27 - 0.67 0.00 0.00 0.00 0.08
chl.a 3.68 0.44 0.26 0.26 0.31 1.68 0.94 1.30
control phaeo. 0.56 0.32 0.13 0.11 0.12 0.00 0.00 0.07
ratio 0.15 0.73 0.50 0.42 0.39 0.00 0.00 0.06
chl.a 12.40 0.94 0.22 0.20 0.49 2.15 0.89 0.53
20ug/1 Cu phaeo. 0.00 0.60 0.34 0.19 0.21 0.00 0.07 0.23
ratio 0.00 0.64 1.55 0.93 0.43 0.00 0.09 0.44
chl.a 10.60 0.98 0.35 0.29 0.40 2.62 1.08 0.58
20ug/1 Cu ‘phaeo. 0.00 0.49 0.11 0.30 0.20 0.00 0.10 0.22
ratio 0.00 0.50 0.31, | 1.02 0.50 0.00 0.09 0.38
chl.a 11.20 1.66 0.53 0.56 3.84 5.18 3.36 2.10
50u8/1 Cu phaeo. 0.00 0.46 0.10 0.28 0.00 0.00 0.00 0.00
' ratio 0.00 0.28 0.19 0.50 0.00 0.00 0.00 0.00
chl.a 11.50 1.66 0.53 1.40 7.89 4.71 2.42 1.63
-50ug/1 Cu phaeo. 0.00 0.52 0.10 0.07 0.00 0.00 0.00 0.00
ratio 0.00 0.32 0.19 0.05 0:00 0.00 0.00 0.00
chl.a 12.40 0.80 0.31 0.23 0.20 0.13 0.11 0.11
100ug/1 Cu phaeo. -0.00 0.50 0.12 0.25 0.25 0.20 0.29 0.30
ratio 0.00 0.63 0.39 1.06 1.25 1.50 0.38 2.75
chl.a 14.30 0.98 0.35 0.17 0.13 0.09 0.09 0.09
100ug/1 Cu phaeo. 0.00 0.00 0.04 0.17 0.13 0.09 0.24 0.21
ratio 0.00 0.00 0.13 1.00 1.00 1.06 2.70 | 2.37




Greenwood Lake

LABORATORY RUN 2

Treatment \\Qéki 1 3 6 8 10 13 15 17
chl.a 10.00 - 1.70 0.94 0.71 0.50 0.94 0.78

control phaeo. 0.00 - 0.04 0.03 0.17 0.05 0.13 0.07
ratio 0.00 - 0.03 0.03 0.25 0.10 0.14 0.09

chl.a 9.79 - 2.38 0.67 0.98 0.47 0.62 1.66

control phaeo, 0.00 - 0.00 0.90 0.04 0.12 0.11 0.00
ratio 0.00 - 0.00 1.35 0.04 0.27 0.18 0.00

chl.a 9.79 - 2.29 1.26 0.83 0.44 0.35 0.24

20ug/1 Cu phaeo. 0.00 - 0.00 0.29 0.37 0.17 0.24 0.15
ratio 0.00 - 0.00 0.23 0.45 0.40 0.69 0.64

chl.a 8.85 - 2.15 1.17 0.89 0.32 0.38 0.22

20ug/1 Cu phaeo. 0.00 - 0.00 0.31 0.35 0.32 0.20 0.24
ratio 0.00 - 0.00 0.27 0.40 0.98 0.54 1.10

. chl.a 6.99 - 2.11 1.17 0.80 1.79 2.96 0.94
50ug/1 Cu phaeo. 0.00 - 0.01 0.34 0.38 0.00 0.00 0.03
ratio 0.00 - 0.00 0.30 0.47 0.00 0.00 0.04

chl.a 6.99 - 2.02 1.03 0.86 4,04 4.31 0.91

50pg/1 Cu phaeo. 0.17 - 0.00 0.31 0.45 0.00 0.00 0.05
ratio 0.02 - 0.00 0.30 0.53 0.00 0.00 0.06

' chl.a 5.36 - 1.30 0.44 0.32 0.20 0.17 0.13
100pg/1 Cu phaeo. 0.00 - 0.11 0.35 0.41 0.19 0.32 0.33
ratio 0.00 - 0.09 0.80 1.25 0.93 1.82 2.49

chl.a 4,66 - 1.03 0.62 0.26 0.17 0.15 0.09

100ug/1 Cu phaeo. 0.14 - 0.14 0.46 0.35 0.26 0.34 0.38
ratio 0.03 - 0.14 0.73 1.33 1.50 2.20 4.20




LABORATORY RUN 3

Birch Lake
Day 3 6 10 13 15 17
Treatment
chl. a 5.59 3.05 0.96 1.03 1.96 2.14 2.50
control phaeo. 0.87 0.24 0.24 0.00 0.00 0.00 0.00
ratio 0.16 0.08 0.25 0.00 0.00 0.00 0.00
chl. a 6.06 2.69 0.91 0.65 1.10 1.48 2.04
control phaeo. 0.49 0.00 0.01. 0.00 0.00 0.00 0.00
ratio 0.08 0.00 0.01 0.00 0.00 0.00 0.00
chl. a [7.22 2.60 0.83 0.97 2.52 3.37 2.04
100 ug/1 Ni phaeo. 0.29 0.35 0.17 0.00 0.00 0.00 0.00
ratio 0.04 0.14 0.21 0.00 0.00 0.00 0.00
chl. a 6.29 2.87 0.88 0.65 4.69 4.57 2.30
100 ug/1 Ni phaeo. - | 0.17 0.15 0.26 0.00 0.00 0.00 0.00
- ratio 0.03 0.05 0.30 0.00 0.00 0.00 . 0.00
chl. a 6.29 2.83 0.86 0.85 0.56 1.12 0.98
400 ug/1 Ni phaeo. 0.17 0.16 0.02 0.00 0.00 0.00 0.00
ratio 0.03 - | 0:06 0.03 0.00 0.00 0.00 0.00
chl.a |7.57 [3.50 |0.96 | 1.00 |0.92 | 2.18 | 2.54
400 pg/1 Ni phaeo. 0.01 0.00 0.24 0.00 0.00 0.00 0.00
ratio 0.00 0.00 0.25 0.00 0.00 0.00 0.00
chl. a 5.94 1.84 0.32 0.12 0.06 0.08 0.08
1000 pg/1 Ni  phaeo. 0.26 0.28 0.20 0.17 0.06 0.13 0.16
ratio 0.04 0.15 0.63 1.40 1.00 1.63 2.00
chl. a 6.52 2.06 0.43 0.17 0.06 0.08 0.04
1000 pg/1 Ni  phaeo. 0.46 0.29 0.25 0.08 0.03 0.16 0.14
ratio 0.07 0.14 0.59 0.50 0.50 2.00 3.50




LABORATORY RUN 3
Greenwood Lake

Day 10 13 15 17
Treatment
chl.a |7.92 |3.23 |1.51 |1.15 |4.81 | 7.09 | 4.28
control phaeo. |0.81 |0.77 |0.55 |0.10 |0.00 | 0.00 | 0.00
ratio | 0.10 |0.24 [0.37 |0.09 |0.00 | 0.00 | 0.00
chl.a |7.69 |2.87 |1.40 |1.00 |1.20 | 4.87 | 4.21
control phaeo. 0.87 0.76 0.53 0.27 0.00 0.00 0.00
ratio | 0.11 |0.27 |0.38 |0.28 |0.00 | 0.00 | 0.00
chl.a |8.15 |2.78 |1.08 |0.52 |1.50 | 1.40 | 1.75
100 ug/1 Ni  phaeo. |0.58 |0.91 [0.61 [0.41 |0.00 | 0.00 | 0.00
ratio | 0.07 |0.33 |0.57 |0.79 |0.00 | 0.00 | 0.00
chl.a [7.92 |2.60 |0.80 |0.45 |3.00 | 4.09 | 3.91
100 ug/1 Ni  phaeo. |0.29 |0.96 |0.80 |0.56 |0.00 | 0.00 | 0.00
ratio | 0.04 |0.37 |1.00 |1.25 |0.00 | 0.00 | 0.00
chl.a |7.11 |2.78 |1.13 |0.95 |1.44 | 1.92 | 1.17
400 wg/1 Ni  phaeo. | 0.58 | 0.85 |0.48 |0.17 |0.00 | 0.00 | 0.00
ratio | 0.08 |0.31 |0.43 |0.18 |0.00 | 0.00 | 0.00
chl. a |7.22 |2.83 - 0.95 |0.96 | 1.46 | 0.93
400 wg/1 Ni  phaeo. | 0.64 | 0.74 - 0.32 | 0.00 | 0.00 | 0.06
ratio | 0.09 | 0.26 - 0.34 |0.00 | 0.00 | 0.07
chl. a |6.52 | 2.42 - 0.30 [0.3 | 0.14 | 0.35
1000 ug/1 Ni  phaeo. | 0.64 | 1.08 - 0.45 |0.00 | 0.31 | 0.02
ratio | 0.10 | 0.45 - 1.50 | 0.00 | 2.22 | 0.07
chl. a |6.99 | 2.29 - 0.22 | 0.12 | 0.12 | 0.05
1000 pg/1 Ni  phaeo. | 0.69 | 0.90 - 0.60 |0.00 | 0.30 | 0.36
ratio | 0.10 | 0.40 - 2.67 | 0.00 | 2.51 | 7.26

*
2 filters used




LABORATORY RUN 4
Birch Lake

Day 1 3 10 12 14
Treatment
chl. a |12.30 [7.13 [3.75 |1.00 |1.42 |1.28 |1.28
control phaeo. | 0.00 |0.00 |0.00 |0.00 |0.00 |0.00 |0.00
ratio 0.00 |0.00 |0.00 |0.00 |0.00 |0.00 |0.00
chl. a |12.00 [8.33 |6.70 |1.12 |2.14 |1.22 |1.50
control phaeo. | 0.00 |0.00 |0.00 |0.00 |0.00 |0.00 |0.00
ratio 0.00 |0.00 |0.00 |0.00 |0.00 |0.00 |0.00
chl. a |12.30 |[5.24 |1.23 |0.60 |0.28 |0.58 |0.42
100 ug/1 Cu  phaeo. | 0.00 |0.00 |0.00 |o0.07 |0.01 |0.14 |0.42
ratio 0.00 |0.00 |0.00 |0.12 |0.04 |o0.24 |1.00
chl.a |12.60 |5.50 |1.23 |o0.25 |0.31 [0.28 |0.16
100 ug/1 Cu  phaes. | 0.00 |0.00 |0.00 [0.12 |0.00 |0.14 |0.32
ratio 0.00 |0.00 ]0.00 |0.50 |0.00 |0.50 |1.99
chl.a |12.90 |4.79 |1.75 |0.36 |0.40 |0.48 |0.56
800 ug/1 Ni  phaeo. | 0.00 |0.00 |0.00 |0.00 |0.00 |0.06 |0.00
ratio | 0.00 |0.00 |0.00 |0.00 [0.00 |0.12 |0.00
chl.a |12.60 |5.8 |1.77 |o0.25 |0.44 |0.14 |0.08
800 wg/1 Ni  phaeo. | 0.00 |0.00 |0.00 [0.00 |0.00 |0.10 |0.10
ratio 0.00 |0.00 |0.00 {0.00 |[0.00 [0.71 [1.25
chl. a |12.00 |2.66 |0.47 ]0.13 |0.08 |0.04 |0.04
100 ug/1 Cu + phaeo. | 0.00 |0.00 |0.01 |0.06 |0.04 |0.20 |0.08
800 ug/1 Ni  ratio 0.00 |0.00 |0.03 |0.50 |0.50 |5.00 |2.00
chl.a |12.00 |3.52 |0.60 |0.13 |0.12 |0.08 |0.04
100 ug/1 Cu + phaeo. | 0.00 | 0.00 |0.00 |0.06 |0.00 |0.19 |0.32
800 ug/1 Ni  ratio 0.00 |0.00 |0.00 |0.50 |0.00 |2.38 |8.03




LABORATORY RUN 4
Greenwood Lake

Day 10 12 14

Treatment
chl. a 5.84 3.69 2.63 2.05 1.47 1.87 3.97
control phaeo. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ratio 0.00 0.00 0.00 0.00 0.00 0.00 0.00
chl. a 5.67 3.09 2.38 - 1.60 1.25 1.38 1.56
control phaeo. 0.00 0.00 0.00 0.00 0.00 0.00 0.78
ratio 0.00 0.00 0.00 0.00 0.00 0.00 0.50
© chl. a 5.50 3.09 1.80 = | 0.72 0.89 0.64 0.72
100 pg/1 Cu phaeo. 0.00 0.00 0.00 0.02 0.00 0.11 0.00°
ratio 0.00 0.00 0.00 0.03 0.00 0.17 0.00
chl. a 5.15 3.01 1.43 0.50 0.66 0.42 0.92
100 ug/1 Cu phaeo. 0.00 0.00 0.00 0.10 0.00 0.12 0.00
ratio 0.00 0.00 0.00 0.20 0.00 0.29 0.00
chl. a 5.58 3.18 1.60 0.51 0.53 0.54 0.44
800 ug/1 Ni phaeo. 0.00 0.00 0.00 0.05 0.00 0.06 0.28
ratio 0.00 0.00 0.00 0.11 0.00 0.11 0.64
, chl. a 4.89 3.01 1.52 0.49 0.49 0.56 0.46
800 ug/1 Ni phaeo. 0.00 0.00 0.00 0.04 0.00 0.07 0.74
ratio 0.00 0.00 0.00 0.09 0.00 0.12 1.61
chl. a 5.67 3.09 1.09 | O.lf 0.17 0.06 0.08
100 ug/1 Cu + phaeo. 0.00 0.00 0.00 0.15 0.02 0.36 0.40
800 wg/1 Ni~ ratio 0.00 0.00 0.00 1.41 0.12 6.02 5.01
' chl. a 5.15 2.49 0.88 0.06 0.15 0.04 0.10
100 ng/1 Cu + phaeo. 0.00 0.00 0.02 0.20 0.04 0.38 0.35
800 ng/1 Ni ratio 0.00 0.00 0.03 2.98 0.28 9.50 3.51




LABORATORY RUN 5
Clearwater Lake

D
Treatment ay initial 1 3 5 3 10 12
chl.a | 2.20 2.60 2.20 2.20 1.50 1.00 0.54
control phaeo.| 0.28 0.05 0.00 0.00 0.00 0.00 0.00
ratio | 0.13 0.02 0.00 0.00 0.00 0.00 0.00
chl.a 2.40 1.70 1.70 0.94 0.60 0.38
control phaeo. 0.00 0.00 0.00 0.04 0.00 0.04
ratio 0.00 0.00 0.00 0.04 0.00 0.11
chl.a 3.00 0.45 0.17 0.15 0.07 0.04
50ug/1 Cu phaeo. 0.00 0.07 0.07 0.06 0.04 0.05
ratio 0.00 0.16 0.41 0.40 0.57 1.30
chl.a 2.80 0.56 0.22 0.11 0.09 0.07 ‘
50ug/1 Cu phaeo. 0.00 0.06 0.03 0.05 0.03 0.03 i
ratio 0.00 0.11 0.14 0.45 0.33 0.43 !
: |
chl.a 3.00 0.40 0.15 0.12 0.07 | 0.04 ‘
100,g/1 Cu phaeo. 0.09 0.13 0.09 0.06 0.05 0.06 {
ratio 0.03 0.33 0.60 0.50 0.71 1.50 !
chl.a 3.20 0.38 0.13 | 0.06 0.09 0.03
100ug/1 Cu phaeo. 0.00 | 0.09 0.06 " 0.04 0.03 0.03
ratio 0.00 | 0.24 0.46 0.67 0.33 1.00
, chl.a 1.90 0.40 0.22 0.07 0.04 0.03
1000ug/1 Ni phaeo. 0.00 0.05 0.06, | 0.01 0.03 | 0.04
ratio 0.00 0.13 0.27 0.14 0.75 1.33
chl.a 2.80 0.87 0.24 0.10 0.07 0.05
1000pg/1 Ni phaeo. 0.00 0.00 0.04 0.00 0.00 0.01
ratio 0.00 0.00 0.02 0.00 0.00 0.20




LABORATORY RUN 5
South McDougal

D
Treatment initial 1 3 5 8 10 12
chl.a 4,10 1.20 1.00 1.30 1.30 1.40 1.30

control phaeo. 0.09 0.40 0.07 0.05 0.00 0.00 0.00
ratio 0.22 0.33 0.07 0.04 0.00 0.00 0.00

chl.a 1.40 1.20 1.40 1.00 1.20 0.9

control phaeo. 0.40 0.14 0.00 0.13 0.00 0.00
ratio 0.29 0.12 0.00 0.13 0.00 0.00

chl.a 1.40 0.94 1.00 | 0.69 0.40 0.31

50ug/1l Cu phaeo. 0.36 0.14 0.07 0.04 0.00 0.00
ratio 0.26 0.15 0.07 0.06 0.00 0.00

chl.a 1.10 0.94 1.10 0.96 0.78 0.54

50ug/l Cu phaeo. 0.54 0.14 0.00 0.00 0.00 0.05
ratio 0.50 0.15 0.00 0.00 0.00 0.09

chl.a 1.20 | 0.67 | 0.73 | 0.90 | 0.9 | 0.72

105ug/1 Cu phaeo. 0.41 0.13 0.00 0.00 0.00 0.00

ratio 0.34 0.19 0.00 0.00 0.00 0.00

chl.a | 1.10 0.78 0.78, 0.92 1.00 0.90

100pg/1 Cu phaeo. 0.27 0.16 0.01 0.01 0.06 0.00
ratio 0.25 0.21 0.01 0.01 0.06 0.00

chl.a 1.20 0.45 0.29 0.24 0.46 0.22

1000ug/1 Ni ~ phaeo. 0.31 0.21 0.13 0.11 0.08 .| 0.03
ratio 0.26 0.47 0.45 0.33 0.33 0.14

chl.a ~1.30 0.38 0.22 0.12 0.21 0.22

1000pg/1 Ni phaeo. 0.27 0.22 0.16 0.14 0.06 0.04
ratio 0.21 0.58 0.73 1.17 0.29 0.18




LABORATORY RUN 6

Birch Lake
Day initial 3 5 11 14 16

Treatment
chl. a 3.00 2.10 1.70 1.40 2.40 2.00 1.80
control phaeo. 0.00 0.02 0.02 0.00 0.00 0.00 0.00
ratio 0.00 0.01 0.01 0.00 0.00 0.00 0.00
chl. a 2.70 2.00 2.30 1.30 1.70 1.50 1.90
control phaeo. 0.00 0.04 0.00 0.00 0.00 0.00 0.00
ratio 0.00 0.02 0.00 0.00 0.00 0.00 0.00
chl. a 1.70 1.40 1.30 | 2.00 0.50 0.34
pH 5.0 phaeo. 0.11 0.02 0.00 | 0.00 0.02 0.05
ratio 0.06 0.01 0.00 0.00 0.04 0.15
chl. a 1.70 1.90 1.10 1.50 0.54 0.34
pH 5.0 phaeo. 0.13 0.00 0.11 0.00 0.02 | 0.05
ratio 0.08 0.00 0.10 0.00 0.04 0.15
chl. a 1.10 0.76 0.45 0.54 0.99 0.87
100 ng/1 Cu phaeo. 0.05 0.01 0.06 0.00 0.00 0.00
ratio 0.05 0.01 0.13 0.00 0.00 0.00
chl. a 1.30 1.20 0.58, | 0.52 0.65 1.10
100 ug/1 Cu phaeo. 0.11 0.02 0.02 0.11 0.01 0.00
ratio 0.08 0.02 0.03 0.21 0.02 0.00
‘ ' chl. a 1.10 0.72 0.36 ]0.16 0.17 0.18
600 ug/1 Ni phaeo. 0.11 0.04 0.06 0.10 0.06 |0.04
ratio 0.10 0.06 0.17 0.63 0.35 0.22
chl. a 0.94 0.65 0.36 0.22 0.20 0.22
600 ug/1 Ni phaeo. 0.14 0.14 0.06 0.06 0.06 0.06
ratio 0.15 0.22 0.17 0.27 0.30 0.27
. chl, a 1.20 0.85 0.92 0.96 0.69 0.52
100 ng/1 Cu phaeo. 0.18 0.04 0.00 0.00 0.00 0.00
+ pH 5.0 ratio 0.15 0.05 0.00 0.00 0.00 0.00
chl. a 1.20 | 1.00 0.56 0.50 0.32 0.40
100 ug/1 Cu phaeo. 0.18 0.18 0.03 | 0.01 0.15 0.00
+ pH 5.0 ratio 0.15 | 0.18 0.05 0.02 0.47 0.00

1

contihued"on next page




; Day initial 11 14 16

Treatment
chl. a 1.20 0.81 0.40 0.35 0.21 0.22
600 nug/1 Ni phaeo. 0.09 0.07 0.08 0.04 0.07 0.02
+ pH 5.0 vratio 0.08 0.09 0.20 0.11 0.33 0.09
chl. a 0.94 0.60 0.31 0.25 0.19 0.21
600 ug/1 Ni phaeo. 0.14 0.07 0.07 0.04 0.05 0.03
+ pH 5.0 ratio 0.15 0.12 0.23 0.16 0.26 0.14
chl. a 0.49 0.31 0.17 0.10 0.08 0.05
100 wg/1 Cu phaeo. 0.20 0.17 0.11 0.12 0.07 0.07
+600 ug/1 Ni ratio 0.41 0.55 0.65 1.20 0.88 1.40
chl. a 0.45 0.36 0.13 0.08 0.05 0.03
100 ug/1 Cu phaeo. 0.22 0.13 0.08 0.06 0.03 0.03
+600 ug/1 Ni ratio 0.49 0.36 | 0.62 0.75 0.60 -1.00
100 ug/1 Cu chl. a 0.65 0.49 0.21 0.12 0.06 0.07
+600 ng/1 Ni phaeo. 0.14 0.11 0.10 0.09 0.10 0.07
+ pH 5.0 ratio 0.22 0.22 0.48 0.75 1.70 1.00
100 ug/1 Cu chl. a 0.54 0.4Q 0.14 0.08 0.05 0,04
+600 ng/1 Ni phaeo. 0.12 0.13 0.05 0.03 0.04 0.04
+ pH 5.0 ratio 0.22 0.33 0.36 0.38 0.80 1.00




LABORATORY RUN 7

Birch Lake
7 12 14

Treatment
chl. a 1.40 1.10 1.10 0.52 0.37 0.33
control phaeo. 0.09 0.00 0.05 0.01 0.00 0.04
ratio 0.06 0.00 0.05 - 0.02 0.00 0.12
chl. a 1.70 1.20 2.40 0.54 0.49 0.41
control phaeo. 0.00 0.02 ‘0.04 0.08 0.00 0.00
ratio 0.00 0.02 0.02 0.15 0.00 0.00
chl. a 1.40 1.10 0.94 0.60 0.49 0.52
pH 5.0 phaeo. 0.09 0.00 0.09 -0.05 0.00 "0.05
ratio 0.06 0.00 0.10 0.08 0.00 0.10
' chl. a 1.10 0.58 1.50 0.58 0.96 0.64
pH 5.0 phaeo. 0.00 0.13 0.00 0.03 0.00 0.00
ratio 0.00 0.22 0.00 0.05 0.00 0.00
chl. a 0.94 0.86 0.80 0.47 0.33 0.41
100 ug/1 Cu phaeo. 0.14 _| 0.00 0.13 0.10 0.06 0.03
ratio 0.15 0.00 0.16 0.21 0.18 0.07
chl. a " | 1.10 1.00 1.30 0.63 0.45 0.43
100 ung/1 Cu phaeo. 0.27 0.02 0.05 0.06 0.02. 0.00
ratio 0.25 0.02 0.04 0.10 0.04 0.00
chl. a 1.20 0.94 0.86 0.40 0.32 0.32
100 ng/1 Cu phaeo. 0.13 0.09 0.00 0.07 0.04 0.02
+pH 5.0 ratio 0.11 0.10 0.00 0.18 0.13 0.06
: chl. a 1.20 0.94 0.86 0.45 | 0.35 0.25
100 ug/1 Cu phaeo. 0.04 0.04 0.05 0.06 0.00 0.00
+pH 5.0 ratio 0.03 0.04 0.06 0.13 0.00 0.00
chl. a 1.30 1.20 0.80 0.29 0.45 0.37
400 ug/1 Ni phaeo. 0.11 0.00 - 0.13 0.13 0.03 0.06
ratio 0.08 0.00 0.16 0.45 0.07 0.16

on next pége

" continued




Day 12 14
Treatment
chl. a | 1.40 0.86 0.72 0.40 | 0.27 0.37
400 ug/1 Ni phaeo. 0.04 0.11 0.09 0.03 | 0.03 0.00
ratio 0.03 0.13 0.13 | 0.08 | 0.11 0.00
chl. a |1.20 0.86 0.86 0.45 | 0.30 0.29
400 ug/1 Ni phaeo. 0.07 0.05 0.06 0.09 | 0.06 0.02
+pH 5.0 ratio 0.06 0.06 0.07 0.20 | 0.20 0.07
chl. a | 0.94 0.58 0.42 0.29 | 0.24 0.19
400 ug/1 Ni phaeo. 0.09 0.14 0.00 0.09 | 0.02 0.04
+pH 5.0 ratio 0.10 0.24 0.00 0.31 | 0.08 0.21
chl. a | 0.86 0.45 0.27 0.15 | 0.30 0.29
100 ug/1 Cu  phaeo. 0.16 0.11 0.17 0.12 0.07 0.05
- +400 ng/1 Ni  ratio 0.19 0.24 0.63 0.80 | 0.23 0.17
chl. a | 0.86 0.72 0.52 0.29 | 0.14 0.08
100 ng/1 Cu  phaeo. 0.16 0.04 0.11 0.07 | 0.07 0.10
+400 ug/1 Ni  ratio 0.19 0.06 0.21 0.24 | 0.50 1.25
- 100 ug/1 Cu  chl. a | 0.86 0.81 0.45 0.24 | 0.24 0.22
+400 ug/1 Ni  phaeo. | 0.16 0.12 0.04 0.07 | 0.04 0.03
+pH 5.0 ratio 0.19 0.15 0.09 0.29 | 0.17 0.14
100 ug/1 Cu  chl. a | 0.86 0.90 0.63 0.29 | 0.14 0.14
+400 ug/1 Ni  phaeo. 0.16 0.06 0.00 0.06 | 0.05 0.02
+pH 5.0 ratio 0.19 0.07 0.00 0.21 | 0.36 0.14




FIELD RUN 1

Birch Lake
D 2 4 7
Treatment initial
chl.a 3.60 7.90 9.70
*control phaeo. 0.50 0.47 0.00
ratio 0.14 0.06 0.00
chl.a 2.70 3.40 4.20
control phaeo. 0.54 0.56 0.61
ratio 0.20 0.02 0.15
chl.a
*501,g/1 Cu phaeo. 4.40 6.20 6.40
ratio 0.50 0.56 0.46
0.11 0.09 0.07
chl.a 1,90 4,60 -
50ug/1 Cu phaeo. 0.58 0.20 -
ratio 0.31 0,04 -
“chl.a 1.40 1.60 1.90
100ug/1 Cu phaeo. 0.40 0.75 0.56
ratio ¢ 0.31 0.47 0.29
chl.a 2.60 4.30 6.70
100ug/1 Cu phaeo. 0.54 0.00 0.00
ratio 0.21 0.00 0.00
chl.a 1.60 1.80 1.60
*#200pg/1 Cu -phaeo. 0.47 1.70 0.79
ratio 0.29 0.94 0.49
‘ chl.a 1.40 -1.30 1.10
200pg/1 Cu phaeo. 0.36 0.84 0.32
ratio 0.29 0.65 0.29
chl.a - 6.00 8.80 7.00
LAKE phaeo. - 0.53 0.80 0.32
ratio - 0.09 0.09 - 0.05

*

intact. bags




FIELD RUN 1
Greenwood Lake
2 5

Treatment initial
chl.a 3.20 9.00
*control - phaeo. 0.25 0.00
ratio 0.08 0.00
chl.a 2.30 8.30
control phaeo. 0.29 0.00
' ratio 0.13 0.00
chl.a 3.50 10.50
50ug/1 Cu phaeo. 0.58 0.00
ratio 0.17 0.00
chl.a 2.00 10.80
50pg/1 Cu phaeo. 0.50 .0.00
ratio 0.25 0.00
chl.a 2.50 5.20
%100ug/1 Cu phaeo. 0.58 0.79
o ratio 0.23 0.15
chl.a 3.80 | 4.70
100ug/1 Cu phaeo. 0.29 0.07
ratio 0.08 .0.01
chl.a 1.60 3.60
*200ug/1 Cu phaeo. 0.83. 0.32
ratio 0.52 0.09
chl.a 2.30 6.20
200ug/1 Cu phaeo. 0.29 0.29
ratio 0.13 0.05
. chl.a 2.80 3.20 6.80
LAKE phaeo. - 0.43 0.00
- ‘ratio - 0.13 0.00

* intact bags




FIELD RUN 2
Birch Lake

Treatment O 2 4 6 9 11 13 16
chl.a 11.90 | 6.30 6.80 7.50 6.50 | 4.20 | 5.60

control phaeo. 0.00 1.10 1.10 0.93 0.00 0.23 -
ratio 0.00 0.17 0.16 0.12 0.00 0.06 -

chl.a 12.80 | 15.20 | 6.80 | 4.20 6.50 | 5.10 | 7.00

control phaeo. 1.70 0.58 1.50 0.70 0.00 0.47 -
ratio 0.13 0.04 0.22 0.17 0.00 0.09 -

A chl.a 7.00 | 7.90 | 12,80 | 8.90 | 10.70 | 14.50 | 8.90
20ug/1 Cu phaeo. 1.10 0,82 1.20 0.00 0.00 0.00 -
ratio 0.16 0.10 0.09 0.00 0.00 | 0.00 -

chl.a 4,90 | 8.20 | 7.70 { 10.30 | 14.90 | 7.90 6.50

20ug/1 Cu phaeo. 0.88 0.76 | 1.20 | 1.50 0,58 0.00 -
ratio 0.18 0.09 0.16 0.15 0.04 0.00 -

chl.a 7.50 | 8.40 9.30 9.80 | 11.70 | 7.50 6.50

50ug/1 Cu phaeo. 1.30 0.70 | 1.20 | 1.10 | 1.60 0.70 -
ratio 0.17 0.08 0.13 0.11 0.14 0.09 -

chl.a 6.50 | 7.50 | 9.10 | 7.50 7.00 | 12,60 | 7.00

50pg/1 Cu phaeo. 0.82 0.23 1.40 0.23 0.35 0.18 -
ratio 0.13 0.03 0.15 0.03 0.05 0.01 -

chl.a 4.70 | 4.40 | 4.70 | 4.70 | 5.60 | 14.00 | 9.30

100ug/1 Cu phaeo. 0.58 0.47 1.30 0.18 0.35 0.35 -
ratio 0.12 0.11 0.28 0.04 0.06 0.03 -

chl.a 4.20 | 4.40 | 16.30 6.50 | 5.60 |10.30 | 5.10

1001g/1 Cu phaeo. 0.53 0.29 0.00 1.10 0.70 0.82 -
ratio 0.13 0.07 0.00 0.17 0.13 0.08 -

chl.a 16.60 18.70 | 18.20 | 4.00 | 13.50 | 14.90 | 14.90 -

LAKE phaeo. 0.00 0.00 | 1.75 0.23 0.00 | 0.00 | 0.00 -
ratio 0.00 0.00 0.10 0.06 | 0.00 0.00 | 0.00 -




FIELD RUN 2
Greenwood Lake

U 1 3 5 7 10 12 14 16
Treatment Y linitial
chl.a 10.50 | 14.50 9.60 | 12,10 | 13.50.| 10.70 | 10.70 | 10.70
control phaeo. 0.35 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ratio 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
chl.a 14,90 | 13.30 | 11.20 | 10.30 | 10.70 8.90 8.90 7.50
control phaeo. 0.00 1.90 0.00 0.58 0.00 0.23 0.90 -
ratio 0.00 0.14 0.00 0.06 0.00 0.03 0.10 -
chl.a 11.70 | 11.40 | 10.70 7.00 7.90 8.90 9.30 | 13.10
20ug/1 Cu phaeo. 0.58 0.47 0.2¢ 0.70 0.47 0.23 0.12 -
ratio 0.05 0.04 0.03 .10 0.06 0.03 | .0.01 -
chl.a 9.60 | 11.70 | 11.70 | 10,30 | 10.30 8.40 9.30 7.00
20ug/l Cu phaeo. 0.76 0.93 0.06 0.76 0.00 0.35 0.12 -
ratio 0.08 0.01 0.01 0.07 0.00 0.04 0.01 -
chl.a 10.30 | 13.30 | 11.40 | 11.40 | 14.50 | 11.70 9.30 | 14.90
50ug/1l Cu phaeo. 0.58 0.88 0.64 0.99 0.00 0.00 0.12 -
ratio 0.06 0.07 0.06 0.09 0.00 0.00 0.01 -
chl.a 9.80 | 11.20 6.50 | 11.70 9.80 8.90 | 10.70 7.50
S0ug/l Cu phaeo. 0.70 0.35 0.29 0,58 0.00 0.23 0.47 -
ratio 0.07 0.03 0.04 0.05 0.00 0.03 0.04% -
chl.a 9.80 6.10 6.30 3.70 3.50 8.40 | 13.50 9.80
100ug/1 Cu phaeo. 0.70 0.93 1.20 1.50 0.82 1.10 0.82 -
ratio 0.07 0.15 0.19 0.41 0.23 0.13 0.06 -
,' iy
chl.a 7.90 6.50 4.20 3.70 4.40 8.90 |12.10 7.50
100ug/1 Cu phaeo. 0.82 1.20 0.88 1.90 0.82 0.23 1.20 -
ratio 0.10 0.18 0.21 0.51 0.19 0.03 0.10 -
chl.a | 11.20 |{10.70 {13.30 |10.10 |12.40 9.80 9.80 6.50 -
LAKE phaeo.| 0.35 0.48 0.00 0.00 0.00 0.35 0.00 1.20
ratio | 0.03 0.04 0.00 0.00 0.00 0.04 0.00 0.18 -




FIELD RUN 3

Birch Lake

2 5 7 9 12 14 16

Treatment initial .
chl.a 7.20 7.10 8.20 8.00 9.30 11.30 10.70
control phaeo. 0.54 1.72 1.88 0.10 0.24 0.58 0.00
ratio 0.08 0.24 0.23 0.01 0.03 0.05 0.00
chl.a 7.40 6.90 9.30 8.00 8.30 9.20 8.90
control phaeo. 0.52 2.46 2.58 0.00 1.60 1.78 0.00
ratio 0.07 0.36 0.28 0.00 0.19 0.19 0.00
chl.a 7.40 7.30 9.90 8.90 8.60 8.88 11.90
100ug/1 Ni phaeo. 0.34 2.06 1.62 1.90 2.56 2.00 0.16
ratio 0.03 0.28 0.16 0.21 0.30 0.23 0.01
chl.a 7.80 7.10 10.20 10.20 8.80 §.60 8.10
100pg/1 Ni phaeo. 0.84 2.98 3.12 2.04 2,18 2.38 0.54
ratio 0.11 0.42 0.31 0.20 0.25 0.28 0.07
chl.a . 6.90 7.60 9.30 9.70 7.90 7.70 6.50
400ug/1 Ni phaeo. 0.00 1.04 1.68 0.92 2.28 2.02 1.06
ratio 0.00 0.14 0.23 0.09 0.29 0.26 0.16
chl.a 7.90 7.80 3.10 8.60 7.10 7.00 6.30
400ug/1 Ni phaeo. 0.20 1.38 2.34 1.12 2.80 2.54 0.72
‘ . ratio 0.03 0.18 0.29 0,13 0.39 0.36 0.11
chl.a 8.20 6.40 5.50 5.00 5.20 5.30 5.30
1000ug/1 Ni phaeo. 0.00 0.80 1.52 0.58 1.40 1.36 0.46
ratio 0.00 0.13 0.28 0.12 0.27 0.26 0.09
chl.a 7.70 6.90 .70 4.80 3.80 4.30 4.90
1000ug/1 Ni phaeo. 0.40 1.74 1.50 0.60 0.88 2,00 1.40
ratio 0.05 0.25 0.26 0.13 0.23 0.47 0.29
chl.a 7.70 10.50 11.20 14.10 21.60 18.60 17.10 18.00
LAKE phaeo. 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00
ratio 0.00 0.00 0.00 0,00 0.00 0.00 0.00 Q.OO




FIELD RUN 3

Greenwood Lake

Da 2 4 7 9 11 14 16 18

Treatment Y |initial
chl,a - 12,00 10.60 13.40 14.60 14 .40 9.60 6.50 6.10
control phaeo. 0.00 0.92 1.08 2.04 1.26 3.72 3.22 2.18
ratio 0.00 0.09 - 0.08 0.14 0.09 0.39 0.50 0.34
chl.a 13,00 9.20 13.20 13,20 12.60 8.50 6.50 6.30
control phaeo. 1.30 1.24 1.38 3.00 3.60 3.92 3.40 1.62
ratio 0.10 0.13 0.10 0.23 0.29 0.46 0.52 0.26
chl.a 9.60 10.04 13.40 14,40 13.80 9.00 7.60 5.50
100ug/1 Ni phaeo. 0.40 0.50 1.08 2.34 2.94 3.60 2,66 2.24
ratio 0.04 0.05 0.08 0.16 0.21 0.40 0.35 0.41
chl.a 13.00 9.80 12.80 12.40 12,40 9.70 7.60 5.90
100pg/1 Ni phaeo. 0.84 1.36 2.76 2.82 2,82 4,88 4,10 2.92
ratio 0.06 0.14 0.22 0.23 0.23 0.50 0.54 0.49
chl.il 10.60 lO.‘l&O 10.80 13.20 13.40 10.70 9.00 7.10
400ug/1 Ni phaeo. 0.30 | 0.71 | 1.08| 1.92 | 2.16 | 3.34 | 2.34 | 2.26
ratio 0.03 0.07 0.10 0.15 0.16 0.31 0.26 0.32

g

chl.a 9.80 10.00 10.80 11.00 10.40 10.30 8.40 7.00
400pg/1 Ni phaeo. 0.70 0.52 2.16 2.40 3.00 3.56 3.66 2.36
: ratio 0.07 0.05 0.20 0.22 .0.29 0.35 0.44 0.34
chl.a 11.00 10.40 10.20 8.60 8.80 | 7.00 5.90 5.30
1000ug/1 Ni phaeo. 0.00 0.00 0,60 2,20 2.72 3.08 3.10 1.90
ratio 0.00 0.00 0.06 0.26 0.31 0.44 0.53 0.36
chl.a 10.60 11.20 9.00 8.00 8.00 6.20 5.80 4,10
1000pg/1 Ni phaeo. 0.00 0,48 1.30 1.72 4,34 3.88 3.20 1.30
ratio 0.00 0.04 0.20 0.22 0.54 0.63 0.55 0.32
. chl.a 7.60 11.607] 15.60 11.20 18.00 9.60 8.00 7.60 6.70
LAKE phaeo. - 0.00 0.00 0.00 0.00 2.28 2.62 1.58 2.84
ratio - 0.00 0.00 0.00 0.00 0.24 0.33 0.21 0.42




FIELD RUN 4
Birch Lake

D 2 5 7 9 12 14 16 19 21

Treatment ay initial
chl.a 11.80 | 8.00 | .50 ] 10.30 | 13.30 | 13.80 | 12.60 | 12.30 | 13.50
control phaeo. 0.00 | 0.00{ 0.00 | 0.00 | 0.00 { 0.00 | 0.00 | 0.00 | o0.00
ratio 0.00 | 0.00 ! 0.00 | 0.00 | 0.00{ 0.00 | 0.00 | 0.00 | 0.00
cht.a 10.00 | 7.50 | 8.50 | 10.80 | 12.90 | 12.70 | 12.30 | 13.20 | 11.70
control phaeoa. 0.00 | 0.00 1 0.00 | 0.00{ 0.00 | 0.00 | 0.00 | 0.00| 0.00
ratio 0.00 { 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | o0.00
chl.a 6.50 | 5.40 | 6.30 | 6.30 | 6.90 | 7.50 | 6.90 | 11.50 | 12.60
50ug/1 Cu phaeo. 0.52 0.81 | 0.45 | 0.18 | 0.66 | 0.00 | 0.30 | 0.00| 0.00
ratio 0.08 0.15 | 0.07 0.03 0.10 | 0.00 | 0.04 | 0.00| 0.00
chl.a 6.10 | &.40 | 5.30 | 6.40 | 7.50 | 8.20 | 9.00 | 12.70 | 12.00
50ug/1 Cu phaeo. 1.14 1.05 | 1.23 | o0.00| 0.60 | o0.00 | 0.18 | 0.00! 0.00
ratio 0.19 { 06.24 | 0.23 | 0.00| 0,08 0.00| 0.02] 0.00] 0.00
chl.a 5.50 | 3.90 | 4.00 | 5.50 | 6.60 | 6.10 | 6.10 | 11.50 | 10.50
100ug/1 Cu phaeo. 0.26 | 0.96 { 0.81 | 0.00 | 0.69 | 0.33 0.42 | 0.00] 0.00
ratio 0.05 | 0.25 ] 0.20| ©0.00| 0.0 0.05 0.07 0.00 ] 0.00
chl.a 5,20 | 3.80 | 4.00| s5.40 | 7.50 | 6.90 | 7.30 | 10.50 | 10.50
100pg/1 Cu phaea. 0.56 | 1.11 | 1.35| 0.00 | 0.33 | 0.39 0.48 | 9.00] 0.30
ratio 0.11 0.29 | 0.34 0.0c0 | 0.04 0.06 | 0.07 0.00 | 0.03
chl.a 10.10 6.00 | 6.00 | 7.50 | 8.40 | 8.60 | 8.20| 7.50 % 8.10
800pg/1 Ni phaeo. 0.00 | 0.00 | 0.21] 0.00| ©0.00{ ©.00 | 0.00 | 0.06] 0.00
ratio 0.00 { 0.00 { 0.04] 0.00| ©.00 /| 0.00| 0.00{ 0.0L] 0.00
chl.a 9.50 6.20 | 5.70| 7.00{ 8.00| 8.20| 7.20{ 7.50] 7.50
800ug/1 Ni phaeo. 0,00 | 0.33 | 0.24| 0.00] 0.00| 0.00] 0.00| 0.06]| 0.06
ratio 0.00 { 0.05 | 0.04| o0.00{ 0.00{ 0.00 ] 0,00 0.,00; O0.0L

4 .
100p2/1 Cu chl.a 4,201 1.70 1 2.10| 4.00| 4.300 4.80| 4.50| 4.50| 4.90
+ phaeo. 1.20 | 0.78 | 1.14 0.00 | 0.00| 0.00] 0.00] 0.0C| O.l4
800ug/1 Ni ratio 0.29 | 0.46 | 0.54| 0.00| 0.00| 0.00{ 0.00{ 0.00] 0.03
100ug/1 Cu chl.a 4.30 | 1.70 ) 2.10! 3.60( 3.0 s5.201 4.20| 4.10| 4.90
+ phaeo. 0.56 { 0.51 | 1.14 0.00! 0.00! 0.00i 0.00{ 0.04| 0.00
800ug/1 Ni ratio 0.13 | 0.33 | 0.5 ; 0.00| 0.00] 0.001 0.00| 0.01| 0.00
s N i N .

chl.a | 18.00 | 17.10 . 14.60 = 16.20 ! 19.80 | 16.80 | 17.70 | 16.30 | 18.90 | 18.30
LAKE phaeo.| 0.00 0.00 , 0.00 : 0.00| <0.00| 0.00] 0.00] 0.00| 0.00| 0.00
ratio 0.00 0.99  0.00 n.0nl o0.00! 0.00 0.001 0.00] 0.00

0.00 -




FIELD RUN 4

Greenwood Lake

y{ 3 5 10 12 14 16 19 T
Treatment a initial
chl.a 4.80 5.40 6.00 7.10 6.90 4.10 6.80 6.30 | 8.00
control phaeo. 1.29 1.62 1.02 2.13 2.82 1.89 1.62 1.26 3.66
ratio 0.27 0.30 0.17 0.30 0.41 0.46 0.24 0.20 0.46
chl.a 6.00 6.80 7.10 7.50 8.40 5.90 7.80 | 8.10 8.40
control phaeo. 1.29 1.08 1.05 2.22 2.94 1.71 2.46 1.08 2.94
ratio 0.22 0.16 0.15 0.30 0.35 0.29 0.32 0.13 0.35
!
chl.a { 7.40 9.20 9.80 | 12.80 | 13.80 | 11.60 | 11.00 | 10.50 | 11.70
50ug/1l Cu phaea. i 1,02 0.84 1.05 1.83 2,94 1.41 1.74 1.38 3.69
ratio 0.14 0.09 0.11 0.14 0,21 0.12 0.16 0.13 0.32
chl.a 7.10 9.80 | 10.40 | 12.80 | 13,40 | 12.00 | 11.60 | 10.80 | 12.00
50ug/1 Cu phaeo. 1.32 0.78 1.26 2,64 2,58 2.04 1.14 1.08 3.39
ratio 0,19 0,08 0.12 0,21 0.19 0.17 0.10 0.10 0.28
;
chl.a i 7.40 8.60 9.80 ! 10.80 | 12.00 | 10.50 | 10.70 | 10.50 | 11.00
100ug/1 Cu phaeo.’ | 1.29 1.44 1.05 3.78 3.12 2.46 2.85 3.00 4. 44
ratio i 0.17 0.17 0,11 0.35 0,26 0.23 0.27 0.29 0.40
1 !
| i
chl.a " 6.90 | 8.40 9.80 | 11.70 | 11.40 9.90 9.90 | 9.00 | 10.50
100pg/1 Cu phaeo. 10,93 ;0 .78 1.32 3.42 3,18 2.52 3.05 1.80 3.54
' ratio £ 0,13 10 .09 0.13 ' 0.29 0.28 0.25 0.31; "0.21 0.34
chl.a 3.90 410 4.70 1 5.70 6.30 5.90 6.00 | . 5.80 7.80
800ug/1 Ni phaeo. . 0,92.f 0,81 0,21] 1.32 1.26 0.24 1.02 ] 3.66 2,46
ratio 1 0.24 0.20; 0.04 ; 0.23 0.20 0.04 0.17 0.63 0.32
chl.a . 3.70 | 3.80 4.50: 5.70 ) '6.20| 6.00| 6.50| 7.20 | 8.70
800ug/1 Ni phaeo i 0.98 1.11° 0.90 ] 1.32 1.14 2.10 1.92 1.22 2,64
ratio ©0.26 0.29 0.20f 0.23 0.18] 0.35 0.30 | 0.17 0.30
s N ;
100ug/1 Cu "chl.a , 4.00 3,90 4,201 5.40 5.40 5,40 5.90 I 5.50 7.40
+ phaeo, 1 1.18 | 1.50, 0,661 1.08 1.35 1.08 1.98 1.34 2,64
800ug/1 Ni ratio ' 0.307] 0.38 0.16] 0.20) "p.25/ 0.20] 0.34| 9.24 0.36
100ug/1 Cu chl.a { 4.00 4.20 4.40; 5.40 5.60 4.80 5.70 ] 5.10 6.50
+ phaeo, | 0.95 1.20 1.05¢° 1.62 1 0.93] 0.87 1.32 1.56 2.46
800ug/1 Ni ratio | 0.24 | 0.29 9.24{ 0.30: 0.17{ 0.18) 0.23 P0.31 0.33%
———
chl.a 7.80 i 7.sof 6.90 6.80 7.70 | 7.50 8.70 5.60 8.40 | 8.10
LAKE phaeo.| - i 0.33 | 0.12 0.54| 1.26; 1.14 0.00f 0.66: 0.24 5.40
ratio - ©0.041 0.02 o.os‘.\ 0.16§ 0.15 0.00f o0.12; ©0.03] 0.67
. 4




FIELD RUN 5
Greenwood Lake

‘ Da 2 4 7 9 11
Treatment v | dnitial
chl.a 2.40 | 2.10 2.00 2.00 2.10
control phaeo. 0.24 0.12 0.08 0.20 0.12
ratio 0.10 | 0.95 0.04 0.10 0.06
chl.a 2.30 | 2.10 | 1.90 | 2.00 2.00
control phaeo. 0.20 0.12 0.28 0.08 0.32
ratio 0.09 0.06 0.15 0.04 0.16
large chl.a 3.00 2.90 2.90 3.10 lost
zooplankton phaeco. 0.24 0.00 0.00 0.00 -
removed ratio 0.08 0.00 0.00 0.00 -
extra chl.a 2.50 2.10 1.80 2.20 2.30
zooplankton phaeo. 0.28 0.24 0.12 0.16 0.20
ratio 0.11 0.11 0.07 0.07 0.09
large chl.a 3.190 3.00 3.60 3.50 3.70
zooplankton phaeo. 0.16 0.00 0.00- 0.00 0.00
removed ratio 0.05 0.00 0.00 0.00 0.00
extra chl.a 2.70 2,20 1.80 2.10 -} 2.00
zooplankton phaeo. 0.28 0.16 0.12 0,12 0,08
ratio 0.10 0.07 -Q, 07 0.06 0.04
chl.a 2.60 2.30 - - -
50pug/1l Cu phaeo. 0.32 .20 - - -
ratio 0.12 { 0.09 - - -
chl.a 2.40 2.40 | #1.80 | *1.80 |*1.70
50ug/1 Cu phaeo. 0.24 0.00 0.24 0.12 0.20
, ratio 0.10 0.00 0.13 0.07 0.12
zooplankton chl.a 3.30 4.70 4,30 4.70 4.40
removed phaeo. 0.00 0.00 0.00 0.00 0.00 -
+50ug/1 Cu ratio 0.00 0.00 0.00 0.00 | 0.00
zooplankton chl.a 2.30 2.90 | %1.80 %1.90 | #1.80
added ‘phaeo. 0.20 0.00 0.24 0.16 0.36
+50ug/1 Cu  ratio 0.09 0.00 0.13 0.08 0.20

continued on next page




FIELD RUN 5

Greenwood Lake

D

Treatment ay initial 2 4 7 9 11
zooplankton chl.a 3.30 4.60 4,80 4.70 4.60
removed phaeo. 0.00 0.00 0.00 0.00 0.00
+50ug/1 Cu  ratio 0.00 0.00 0.00 0.00 0.00
zooplankton chl.a 4.50 3.30 2.90 2.70 2.30
added phaeo. 0.04 { 0.00 0.00 0.00 0.08
+50ug/1l Cu  ratio 0.01 0.00 0.00 0.00 0.03

chl.a 4.90 1.60 2,40 2.40 3.20
LAKE phaeo. 0.00 0.12 0.00 0.00 0.00

ratio 0.00 0.08 0.00 0.00 0.00

bottle moved



Figure 1.  Study Lakes and Enclosure Sites.
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Figure 2. In situ Enclosure System.
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Figure 3. Detail of Enclosure Bottle.
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Figure 4. Chlorophyll a, Field Run 1, Birch Lake.
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Figure 5. Chlorophyll a, Field Run 1, Greenwood Lake.
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Figure 6. Chlorophyll a, Continuous culture Run 1, Birch Lake.
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Figure 7. Ch]ofophy]T a, Continuous culture Run 1, Greenwood Lake.
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Figure 8. Chlorophyll a, Field Run 2, Birch Lake.
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Figure 9. Chlorophyll a, Field Run 2, Greenwood Lake. -

e conirol

o control

8 20ppb Cu

0 20ppb Cu

* 50ppb Cu
ﬁ’soppb Cu
@100 ppb Cu
100 ppb Cu

i ==

H 6 8 10 12 14 16
' ‘ Day of Run :




of controls

%

Figure 10. Chlorophyll a, Continuous culture Run 2, Birch Lake.
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Figure 11. Chlorophyll a, Continuous culture Run 2, Greenwood Lake.
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Figure 12. Chlorophyll a,
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Figure 14. Chlorophyll a, Continuous cglture Run 3, Birch Lake.
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Figure 16. Chlorophyll a, Field Run 4, Birch Lake.
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. Figure 17. Chlorophyll a, Field Run 4, Greenwood Lake.
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Figure 18. Chlorophyll a, Continuous culture Run 4, Birch Lake.
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Figure 19. Chlorophyll a, Continuous culture Run 4, Greenwood Lake.
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Figure 20. Chlorophyll a, Field Run 5, ~Greenwood Lake.
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21. Chlorophyll a, Continuous culture Run 5, Clearwater Lake.
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Figure.22. Chlorophyll a, Continuous culture Run 5, South McDougal Lake.
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Figure.22.
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Figure 23. Chlorophyll a, Continuous culture Run 6, Birch Lake.
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Figure 23. Chlorophyll a, Continuous culture Run 6, Birch Lake.
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Figure 24. Chlorophyll a, Continuous culture Run 7, Birch Lake.
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Figure 24. Chlorophyll a, Continuous culture Run 7, Birch Lake.
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Table 1. Physical and chemical characteristics of .s’cudy lakese.
Lake MS%?EH S;ﬁﬁl pH | C?ﬁg:};’;};y | Algg;‘c‘iﬁy | %g%fa (Iﬂ;’g/cl)' | C@?ﬁiﬁﬁ?«g
m) (m) (mg/1 CaCO3) | units) | (a1 Cu)
véirch (site 1) 5 2 68 85 22 5k 16 1.6 = 2,6
 Greenwood 2 1 6.3 | 60 6 1%0 25 2.6
Clearwater 1l b | 6.7 39 16 2 7| 0.3 - 2.2
| South McDougal 1.5 1.5 | 6.1 36 11 180 38 2.8 - 3.2




Tgble 2, Summary of bioassays.
Bloassay Type Treatments®
Continuous Copper Nickel H Combinations Lakes Dates (1977) Duration |
Cultures (pe/1) (pe/1) P _ Start End (days)
Run 1 50 éoéoo’ - - - Birch, Greenwood June 11 - June 27 17
2 eoiogo, - - -  Birch, Greenwood | July 6 - July 23 | 18
3 - 10%)0300, - - Birch, Greenmwood | July 27 - Aug. 13 18
L 100 800 - lggocg; Birch, Greemwood | Aug. 20 - Sept. 3 15
5 50, 100 | 1000 - none Clearvater, Oct. 1l - Oct. 26 13
’ South HcDougal : :
6 100 600 Le5 all Birch Nove 5 - Nov. 21 17
7 100 o | 5.0 all Birch  Dec. 1 - Dec. 15 15
Field Tests i ; )
Run 12 5 OéoéOO, - -7 - Birch, Greenwood § dJune 15 ~ June 20 6
2 20, 50, "Bi B) dJ 8
100 - - - rch, Greenwood uly 2 - July 1 17
3 - 10}(360300, - - Birch, Greenwood | July 26 - Aug. 13 19
L 506, 100 800 - lggoc?ﬁ‘k Birch, Greenwood Aug. 18 - Scpt. 8 22
Increased and . .
5 50 |decreased large all Greenwood Septe 26 - Oct. 7 12
zooplankter density | '

lﬂeta}. concentrations are nominal values.

2Polyet}wlene bag enclosures.

See Tebles ha and Lb for measured values.




Table 3. Lake temperature and water chemistry at 0.5 m depth during bioassays.
Lake Total ‘ Organic Carbon
Run Lake Temperature Akalinity pH Metals (pg/1) (mg/1)
(°c) (mg/1 CaC0,) Total Cu Tobal i TOC Doc
1 (Field Birch 16-22 2l 6.7 1.5 - 15 il
and Lab) | oeenuood 18-20 7 6.1 <2 - 25 2l
12 (Fiela Birch 22-23 22 6.7 1.l - 16 17
and Lab) | g cengood 17-22 6 6.3 1.8 - 26 26
‘ 3 (Field Birch 19-23 21 6.8 - <2 17 17
| and Lab) Greenwood 18-20 6 6.3 - <2 25 25
L (Field Birch 18 20 6.7 2.0 12 18 20
and Lab) | Groenuood 15-18 5 6.3 2.3 5 25 27
15 {(Field) Greenwocd 11 3 6.2 - - 3L 33
5 (Lab) Clearwater 8 11 6.5 0.9 <1 6 7
S. McDougal 5 9 6.9 1.6 <1 35 3L
Birch T 16 6.8 - - 22 -
_ Birch 3 16 6.8 - - 23 -




Table ha. Summary of nominal and measured metal concentrations (Pg/l)
in continuous culture bloassays. -

~ TREATMENT
Run Lake Copper Hickel Copper/Hickel
Nominal  lMeasured Nominal  lieasured Mominal Measured
50 N
" Birch 100 91 - -
1 200 200
50 L6
Greenwood 100 85 - -
200 170
20 18
Birch 50 L3 - -
5 100 103
20 20
Greenwood 50 L5 - -
100 9l
100 88
Birch - 1100 350 -
3 1000 900
0 100 93
Greenwood - 1s00 360 -
‘ w000 925
) | Birch 100 . 80 800 725 100/800  71/730
Greenwood 100 77 800 745 100/800  77/710
50 43 °
: Clearwater 100 85 . 10060 990
50 L3 _
South McDougal 100 90 1000 1000
6 Birch 100 98 600 610 100/600  98/630
Birch (low pH) 100 101 600 570 10G/600  91/610
7 Birch 100 100 1100 370 100/L00  99/100
100 101 LOO 1100 100/00  99/L00

Birch (low pH)




Table lb. Summary of nominal and measured metal concentrations (ug/1)
in field bioassays.

TREATMENT
Copper Nickel Copper/Nickel
fun Lake _— Measured § .. . Heasured . Meagsured
HNominal (Hean) ilominal (iean) Nominal (Mean)
50 Lk ,
Birch 100 - - -
1 ' 200 160
50 -
Greenwood 100 86 - -
200 165
20 20
Birch 50 37 - -
o 100 81
20 19
Greenviood 50 L0 - -
100 80
, 100 97
Birch - 1,00 360 -
3 1000 695
100 - 93
Greenwood - 1100 " 350 -
1000 900
Birch lgg go 800 783 100/800  83/810
W 5 . |
Greenwood 50 38 800 763 100/800  78/790
100 17
Birch 50 Ly
5 Birch (hi zo0) 50 50 - -
Bireh (Low zoo) 50 L8




Teble 5. Summary of bioassay results,
Treatment Effects
Lake {Cu (pg/1) i (pg/l)  pH Lab Fleld
50 toxic, peak day 13 toxic
Birch 100 - - toxic -
200 ' toxic toxic
50 toxic -
Creenwood 100 - - toxic toxic
200 toxde toxie
20 alightly toxdic? peak day 13 No conclusions
Birch 50 . - - stirmlatory, peak day 10 due to poor replication
100 toxde of treatments
.20 slightly toxic? no effect
Greenwood 50 - - stimulatory, peak day 1L no effect v
1C0 toxic toxic, then recovers.
100 stimlatory, peak day 1L no effect
Bireh - hoo - slightly toxic? stightly toxic?
1000 toxie » ' ‘ ] toxic
100 toxic, one culture peaks no effect
Greenwood - 100 - toxic no effect
1000 toxic slightly toxic
50 - toxic, then recovers
100 toxic toxic, then recovers
Birch 800 toxdc toxie
100 + 800 toxic toxic o
50 - - stimilatory
' 100 - toxie stimilatory
Greenwood 800 toxic toxic, then recovers
100 ¢ 800 @ toxde toxic, partially recovers
50 no effect
50 ~ zooplankton removed 5 stimlatory
Greenwood 50 = zooplankton added - stirmlatory, then declines
zooplankton removed stimlatory
zooplankton added no effect
50 toxic
Glear- 100 - | toxic -
1000 toxic @
50 toxic
South R
; 100 - toxdec, partially recovers -
HeDougal 1000 toxlo
1C0 ‘ toxic, partially recovers
6C0 toxic
100 + - €600 toxde
Birch 6.2 no effect until pH = 4.5 -
100 6.2 toxic
600 6.2 toxic
1060 + 600 6.2 toxie
100 sxightly toxdic, recovers
koo slightly toxic, recover
1C0 + L0, toxic :
Birch 5.0 stiml.atory -
100 5.0 slightly toxic
' Loa © 5.0 toxic
100 . + th ‘5.0 toxie




Table 6., Relative production/biomass ratios, field Run L,

Greenwood Lake.
not comparable.

Values from different dates are

Date Treatment Relative P/B
179
Control 506
Sept. 9 %0 | 5
g/1 Cu 152
(Day 22) >0 pe/ _
136
00 nz
Control 112
Sept. L '
] . 10l
(Day 17) 50 pg/l Cu 113
o ‘ 127
100 pg/1 Cu Lol




Table 7. Relative production/biomass ratios, field Run 5,
Creenwood Lake. Values from different dates are
‘not comparable,

Date Treatment Relative P/B

. 715

Control 639

Large zooplankton removed] 738

Octe 5 Large zooplankton added 722
Day 10 | | o

(Day 10) 50 pg/1 Cu 70l

50 ng/1 Cu, large

zoopgankton rerioved - L73

50 Fg/l Cu, large 765

zooplankton added 572

. 865

Control 800

Large zooplankton removed 386

Large zooplankton added { . 987

Sept. 30 .
(Day 5) 50 pg/1 Cu 855
| 50 pg/1 Cu, large 187

Z00p ton removed :

50 pg/1 Cu, large | 991y

zooplanicton added - 928




Table 8. Bacteria population counts, field Fun 5, Greenwood Lake.

Samples collected and plated Oct, 7, 1977; plates counted

Oct. 9, 1977.

Standard

Lake water, 0.5 m depth

Treatment Colonies/ml Devi. st om
Control 3 gig %‘_L?%
Large zooplankton rgmoved_ 1080 156
Large zooplankton added- zzg Jégg
56 ya/1 Cu 1535 1l
50 pg/l Cu, la;c‘ge zooplankton 3360 L81 |
removed 3605 103
50 Pg/l Cu, large ‘zoopla'nkton 720 L2
added . 1460 57
159

3




Table 9. Cell counts, continuous culture Run 2, day 1lh. Numbers
are units/ml. NS = no sample. P = present.

Treatment
Lake | Species Control 50 p.g/l Cu 100 ,ug/ 1 Cu
Fragilaria crotonensis 130 , 199 P
NS 1,019 NS
. | Synedra incisa 1 332 | 2,589 5
Birch - : i s 309 NS
Synedra rumpens 1,43 8,203 0
i NS , 10, 1436 RS
Greenwood | Synedra rump gns 1 1’628 h,b?}g g
W - . - :




Table 10a. Cell counts, field Run 2, day 16 (Birch Lake).
P = present.

Numbers are units/ml.

Treatment
Lake Species Control | 20 pg/1 Cu | 50 pa/icu | 100 pg/i cu
Achnanthes minutissima 26 15 Lilydy 5
‘ 67 170 398 5
Fragilaria crotonensis 1,694 L, 969 1,952 98
2,753 2,960 3,698 253
Nitzschia spp. 77 279 398 36
A | L6 1L5 27k 5
Tabellaria fenestrata 23 300 P 26
27h 72 ui 21
- Birch Crucigenia quadrata 36 10 0 P
(day 16) 88 0 , P F
- Total blue-green algae 98 30 5 5
(except Agmenellum) 290 10 0 25
Dinobryon bavaricum B 5 10 5 103
P 0 10 129
Dinobryon divergens 21 129 31 656
160 5 119 1,08
Dinobryon sociale & subsp. | 0 31 5 310
0 0 72 LLg
Hyalobryon spp. 0 0 P 310
‘ \ 0 0 21 516




Table 10b. Cell counts, field Run 2, day 1L (Greenwood Lake).
Numbers are units/ml.

Treatment
Lake Species Control 20 pg/1 Cu 50 pe/L Cu | 100 pg/l cu
Asterionella formosa 21 &2 ik 181
10 93 196 268
Fragilaria crotonensis 10 L6 57 1,43
12 93 227 836
Fragilaria vaucheriae 0 0 108 0
Greenwood 0 Ia 11l 1,126
- Nitzschia spp. 98 129 - 62 1,839
(day 1) 1 | 186 160 532 12l
Tabellaria fenestrata 36 12k 129 93
' 36 222 222 72
Spondylosium planum 52 145 1h5 287
6 83 196 h3h
Coelosphaerium naegelianum § 1,188 nn 0 1l
iR 780 0 150 0




Table 11. Cell counts, field Run 3, day 16 (Birch) and
day 18 (Greenwood). Mumbers are units/ml.

Treatment

Lake Species | contror | 100 pe/1 m | Loo pe/1 W | 2000 pe/l
Synedra spp. { lLeo 275 6 13
Micractinium pusillum 36 | 166 22 5
| | 2 4 253 | 0 12
Birch Anabacna circinalis , 0L §. 12 , 0 13
(day 16) _ 8o % 0 | ’ 2l 0
Anabaena planctonica a3 | 166 | o1 0
‘ D 150 | ' 31 69 19
‘iphanocapsa delicatissima 99§ 36§ 6 12
73§ 67 v 28 1
Total blue-green algae - 706} 358 98 135
(except Agmenellum) she 273 209 11l
Oscillatoria pseudo- 7 4 98 8 0
Greenwood geminata 62 ¥ o 10 0
(day 18)  Unidentified flagellates 62 | 10 |} 5 Y
| : 26 o 1 0 0




Table 12a. Cell counts, field Run L, day 21 (Birch Lake).
Numbers are units/ml. P = present.
Lake Species ' freatnent ‘ 100 pg/l Cu +

: Control 50 pg/1 Cu } 100 pg/l Cu 800 pg/l N 800 pg/1 Ni

 Asterionella formosa 337 65l 186 196 126

305 374 238 176 119

. Fragilaria crotonensis 130 218 170 In 70

3 25 155 55 71

Nitzschia spp. 202 913 77 23 6

62 726 150 3 1L

Rhizosolenia eriensis 0 21 176 28 13

10 16 289 1L 17

Synedra spp. 16 343 P 10 13

\ 15 137 15 17 12

Birch

, inabaena nlanctonica 15 0 0 52 0
(day 21) 1L 0 0 19 0
Aphenocapsa delicatissima 192 15 5 2 6

57 0 0 3 10

Aphanizomenon flos-aquae 1,157 5 0 11 1

' - 7hhy 0 0 158 0

Coelosphaerium naegelianmum 171 26 0 31 P

_ 67 16 P il o}

Oscillatoria geminata 36 0 0 13 0

' iy 0 0 10 0

Phormidium spp. 73 0 10 10 5

186 0 P 7 7

Hyalobryon spp. 0 0 1,751 0 0

' 5 10 1,178 0 0
Dinobryon divergens 0 99 72 10 9

5 li2 83 7 5




Table 12b., Cell counts, field Bun li, day 21 (Greenwood Lake).

Numbers are units/ml.

P = present.

rp

 Lake Species Freatrent 100 pg/1 Cu +
~ P Control | 50 pg/1 Cu | 100 pa/1 Cu | 800 pz/1 M | 800 1g/1 Wi
Asterionella formosa 0 1,131 296 86 325
100 832 309 127 168
Tabellaria fenestrata 205 300 5 65 28
168 1L5 39 65 99
s 4 | Aphanocapsa delicatissima : 29 p 0 13 0
reenwooc 38 10 16 26 0
(day 21) Chroomonas acuta L2 o) 10 2 0
' ‘ 7h 62 78 0 0
Cryptomonas erosa -2l 0 5 0 0
_ L2 62 28 5 0
Cryptomonas reflexa 28 0 8 0 0
L5 36 8 0 0




Table 13. Cell counts, field Run 5, day 11 (Greenwood Lake).

Numbers are units/ml.

NS = no sample. P = present.

Treatment

Lalke Species Control Large zooplankters Large zooplankters
removed removed + 50 Pg/’l Cu

Asterionella formosa 82 86 238

Greenwood N3 NS 27

; . Chroomonas acuta 0 67 5

_(day 11) : NS HS 58

Cryptomonas spp. o P 67

i T NS NS 3l






