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sponsored by the Electric Power Research Institute, Inc. (EPRI). Neither EPRI,
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ABSTRACT

Laboratory freshwater lake microcosms are studied with respect to thefr use-
fulness in providing a tool for environmental impact assessment. The microcosm
system studied consists of a diverse assemblage of phytoplankton, zooplankton, and
microbes in four sets of sextuplet 50-liter tanks initiated under four different
nutrient level conditions. Three four-month studies were carried out, each with
a different poilutant expected to be found in significant concentration in the
aqueous effluent from coal gasification operations. These studies have led to:

i) didentification of those biological and chemical parameters most useful for
evaluating the responses of microcosms to chemical pollutants, 1ii1) characteriza-
tion of the difficulties in obtaining replicate microcosms that approximately simu-
late natural systems, iii) a test of the usefulness of microcosms in evaluating
hypothetical stability indicators, iv} evaluation of the relative usefulness of
the bloom and the quiescent stages of microcosm development for impact assessment
studies, v) a specific research plan for determining optimum procedures for micro-
cosm design, initiation, and operation.






EPRI PERSPECTIVE

PROJECT DESCRIPTION

This final report, Aquatic Microcosms for Assessment of Effluent Effects, describes

the first element of a research effort to develop and apply microcosm systems to the
assessment of ecological questions related to electric power production. Microcosms
are essentially model ecosystems that have been assembled in the laboratory. A
microcosm study represents a middle ground between experimental field studies and
laboratory bioassay studies of toxicity effects: It permits manipulation and
experimental controls not possible under field conditions, while having a higher
degree of "reality" than biocassay experiments. 1t is hoped that this line of research
will help in designing field experiments as well as in developing an independently
useful data base.

PROJECT OBJECTIVES

The overall objective of the study was to evaluate the feasibility of using small
(50-1iter) freshwater microcosms and ecological stability indicators to assess the
effects of coal conversion effluents on freshwater ecosystems. Specific guestions
addressed included

. Identification of biological and chemical parameters that would be most

useful for evaluating the responses of microcosms to constituents of coal
conversion effluents,

. Assessment of replicability of freshwater microcosms simulating natural
systems,

[ Testing of a hypothesized, predictive, stability indicator against data
derived from microcosm experiments.
CONCLUSIONS AND RECOMMENDATIONS

The overall conclusion of the feasibility study was that chemically closed, small
(50-1iter) freshwater microcosms are a potentially convenient experimental tool for
intermediate- and short-term assessment studies if standard procedures for design



and operation are established. A number of problems identified during the study
must be overcome before this type of microcosm can become an established technigue.
Recommendations for research to improve aquatic microcosm methodology were developed.

Robert K. Kawaratani, Project Manager
Energy Analysis and Evnironment Division
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EXECUTIVE SUMMARY

Continuing social concern over the effects of coal gasification and liguefac-
tion on aquatic systems demands strategies for reconciling our needs for new energy
sources with the necessity for preserving our natural environment. Part of the
solution lies in choosing sites for coal conversion facilities where the environ-
ment is sufficiently robust, or buffered to absorb the impact of these activities.
In order to aid in site selection we have been working towards the development of
practical methods for predicting the robustness, or conversely sensitivity, of
freshwater ecosystems.

Our long-term goal for expediting the process of rational site selection can
be illustrated with the following hypothetical example. A coal gasification facil-
ity is to be located in the vicinity of one of several lakes. To the extent that
the effluents have been characterized, it is now desired to determine which of the
lakes will be least disturbed by the facility. Ideally, one would measure certain
ecological properties (which we call stability indicators) of the lakes and on the
basis of the results draw conclusions concerning the relative future robustness of
each lake should it be selected as the site for the facility. Needless to say,
we are far from this goal today; ecology lacks the requisite predictive capability.
Described here is an assessment of one approach to the attainment of this goal.

Ecosystem impact assessment has available four basic methods of research:
experimental field studies, laboratory dose-response studies of toxicity effects
on single organisms, laboratory studies of whole ecosystems effects (the microcosm
approach}, and theoretical analysis (which can range from simple models designed
to aid in the search for correlations and assist in data amalysis, to complex
models which attempt to provide a tool for detailed ecological prediction).

Each of these approaches has both drawbacks and advantages. No one of them
alone is adequate to the task of impact assessment, in general, and the development
of a predictive capability, in particular. Field studies suffer from i. the
large expense involved in data acquisition, 1ii. the absence of experimental con-
trols in experiments carried out on disturbed systems, and 1iii. the difficulty
in readily manipulating the experimental system. Species-specific dose-response
studies in the laboratory, while valuable for the purpose for which they are de-

s-1



signed, do not provide enough information to assess potential impacts at the sys-
tem level which can arise from exposure to toxic substances. Moreover, the effects

of certain substances, even on individual organisms, may be mitigated or enhanced
durtng transit through an active and rich agquatic ecosystem. Laboratory microcosms

may suffer from three potential drawbacks: 1. their relatively large surface-to-
volume ratio (as compared with natural systems} may lead to distortion 6f behavior,
ii. & realistic diversity of species, particularly among the larger organisms at
the top of the food chain, may be impossible to maintain except, again, by intro-
ducing distortion of behavior, and 1iii. the absence of realistic environmental
variability in the laboratory may lead to the Tack of opportunity to observe syn-
ergistic effects occurring as a result of the collusion of stresses arising from
toxic substances and those arising from natural environmental variability. Finally,
the disadvantages of a purely theoretical approach to impact assessment are, as

in all sciences, self-evident.

An increasing number of research groups have employed microcosms in recent
years, motivated to a great extent by the possibility that they can provide a non-
trivial interacting ecosystem for assessing effects of toxic materfals - a system
which is easily manipulated and monitored, is much more similar to natural systems
than single-organism cultures, is relatively inexpensive to use compared to field
studies, and results in no damage to natural systems. Yet few, if any, standard
methods for the design, installation, and operation of microcosms have resulted
from this interest. Moreover, the influence of the previously mentioned potential
drawbacks of microcosms on the validity of results obtained from their use has
been given scant attention. OQur ultimate objective, the development of predic-
tive indicators that allow prediction of the sensitivity of a system to disturbance,
would be greatly facilitated if microcosms could be used to generate data necessary
for development and testing of such indicators. Our first priority, therefore,
was to assess the microcosm method itself and determine the conditions under
which microcosms can be useful for understanding effects of toxic substances and
for evaluating possible stability indicators.

The specific environmental stress with which we have been concerned is the
effluent waste water from coal conversion processes. This water contains substances
known to be toxic to many organisms, including man, above certain concentrations.

We have sought:
. To identify those biological and chemical parameters most useful

for evaluating the responses of microcosms to constituents of coal
conversion effluents.

] To characterize the difficulties in obtaining replicate microcosms
that approximately simulate natural systems.
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[ To test the use of microcosms in evaluating a hypothetical predic-

tive stability indicator derived from theoretical studies.

Our experiments used four sets of freshwater lake microcosms, differing in
their nutrient levels. The four lake conditions created in the laboratory corre-
spond to four different broad types of lakes found in nature. A range of nutrient
conditions was studied in order to characterize problems of microcosm design and
operation common to diverse systems or specific to particular conditions. In
addition, a range of microcosm conditions was necessary in order to create systems
which would exhibit differing responses to each of the substances {ammonia, iron,
and phenol) used as perturbations. The microcosms consist of an assemblage of
phytoplankton, zooplankton, and microbes in 50-1iter aerated cylinders. Their
diversity and population levels resemble that of natural lakes.

For each of the three perturbations studied, a four month experiment was
carried out. In the first two months of each experiment, six replicate microcosms
of each of the four nutrient types were observed. At the end of the two months,
three of each of the six systems were perturbed and the remaining three left as
controls. A two month period of observation of the perturbed and control systems
followed. A set of sensitivity indices, one for each of the chemical and biclogical
parameters measured weekly throughout the experiments, was calculated and used to
gquantify both the replicability of the systems and their responses to the toxic
substances.

A hypothesis, to be tested in these experiments, was that a particuiar indi-
cator, to be measured prior to the disturbance of the systems, would allow pre-
diction of the relative responses of the four types of systems to each of the
perturbations. The indicator, denoted by KD, is a parameter characterizing one as-
pect of the decomposition and nutrient cycling processes in an ecosystem. Earlier
theoretical studies of nutrient flow in ecosystems had suggested its relevance to
stability. As part of the test of cur hypothesis, the value of the indicator was
measured at the end of the first two months of each experiment, for each of the
four types of lake conditions represented. These measurements were carried out in
small subsystems derived from the Jarger microcosms. The values of the predictive
indicators were then compared with the robustness of the perturbed systems as meas-
ured by the sensitivity indices. In the review of this series of experiments we
examine what we have learned about the design and operation of microcosms as tools
for toxic substance impact assessment and we evaluate the hypothesized stability
indicator,
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An assessment of the use of microcosms for the study of impacts on freshwater
lakes has indicated that microcosms have the potential of being convenient experi-
mental tools for short or intermediate term studies of effluent effects and of
predictive indicators provided that standard procedures for design and operation
are established. Key problems in the development of these procedures have been
identified in this study and the use of microcosms is recommended, contingent
upon the resolution of these problems. More specifically, interpretation of the
results of these studies leads to the following points:

] Microcosms of the type employed here, with no influx or outflux of

nutrients or organisms, can simulate the behavior of natural lakes
at best for periods generally not exceeding two to three months.

Longer term studies will require solution to the problem of growth
of algae on the surface of the containers,

® Microcosms are most useful during a dynamic growth or bloom phase,
in contrast with the prevalent viewpoint that microcosms become
useful when having reached a static state.

» A progressive decrease in the replicability of the microcosms in
successive experiments suggests a systematic problem that corre-
lates with the age of the large microcosm used for initiating our
test systems. It is thus likely that microcosms become adversely
conditioned by laboratory environments.

] The relatively high proportion of nutrient uptake by surface
growth in microcosms diminishes the importance of water column
nutrient measurements; quantification of biota is indispensable.
The need for determination of biota is reinforced by experiments
in which nutrient levels were similar over time in different sys-
tems but the biota were quite different.

] The means by which microcosms are initiated affects replicability

and ecosystem community structure. Further study of initiation
procedures is required.

Direct observations of the effects of three different constituents of coal
conversion effluent water on microcosm systems corresponding to four different
trophic types of natural systems revealed significant responses to the perturbation
in all experiments. As expected, the specific responses of the individual systems
depended upon the nature of the perturbation. The phosphorus-rich, nitrogen-1im-
ited systems were most affected by the additions of ammonia and phenol; the phos-
phorus -rich systems were most affected by the addition of iron. The most signifi-
cant effects of the ammonia perturbation were lowered inorganic carbon and zooplank-
ton levels as compared to the controls. This is consistent with the ammonia stimu-
lating primary production while being toxic to the zooplankton., In the iron addi-
tion experiment, the most significant effects were the decrease in phytoplankton
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and zooplankton. The formation of insoluble iron-phosphate complexes and the chela
tion of algal surface compounds, resulting in flocculation, were primarily respon-
sible. The addition of phenol to the microcosms resulted in suppression of zoo-
plankton in all systems and of the alga Anabaena 1in the nitrogen-limited systems.

These results confirm our intuitively held belief and that of many other
researchers that:

[ Microcosms can be used to simulate specific trophic types of natu-

ral systems in order to assess non-trivial effects of perturba-
tions. Because they provide a diverse assemblage of interacting
biota, upon which a perturbation can be tested, phenomena are ob-
served which would be missed in single-organism studies.

Qur analysis of the validity of our hypothesized stability indicator suggests
that the perturbation experiments were not of sufficiently long duration to test
the long-term nutrient cycling stability implications of KD. Without some effec-
tive means of controlling side growth of algae, sufficiently long-term microcosm
studies for that purpose would not be advised. On the other hand, the results of
our experiments do suggest a new and promising approach to the use of short-dura-
tion decomposition studies in microcosms for predicting longer-term effects in
natural systems. After further studies to determine optimum microcosm design and
operation are completed, high priority should be assigned to a rigorous evaluation
of this new approach to the problem of ecosystem impact prediction.

] Microcosms hold forth promise for identifying and assessing pos-

sible stability indicators for freshwater lakes. Although the
quest for a predictive capability in ecology is beset with great
difficulties, the ultimate benefit to the site selection procedure
of reliable stability indicators warrants further effort in this
direction.

Finally, further studies to determine the factors influencing replication and
tracking of natural systems by microcosms are indicated. Specific subjects for

immediate study, suggested by our experiments, include:
(] Optimization of initiation strategy.

] Control of surface activity and/or optimal use of microcosms in
the presence of surface activity.

(] Determination of the effects of size, nutrient Tevels and tempera-
ture on replicability among microcosms and between microcosms and
natural systems.

. The behavior of microcosms during blooms and the effects of pertur-

bation during this dynamic phase, prior to the onset of laboratory
conditioning,
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Section 1
INTRODUCTION

Continuing social concern over the effects of energy production and conver-
sion on aquatic systems demands strategies whereby our needs for new energy sources
can be reconciled with the necessity for preserving our dwindling aquatic resources.
Part of the solution 1ies in choosing sites for energy facilities where the environ-
ment is sufficiently robust, or buffered, to absorb the impact of energy related
processes. In order to aid in site selection we have been working towards the de-
velopment of practical methods for predicting the robustness or, conversely, sensi-

tivity, of aquatic systems.

The specific problem with which we have been concerned is the effluent waste
water from coal conversion processes. This water contains substances known to be
toxic to many organisms, including man, at certain concentrations. The usual ap-
progch to this kind of problem has been to study the direct effect of these sub-
stances on specific organisms. We are convinced that species-specific toxicologi-
cal studies, while most valuable for protecting against critical intoxications, do
not provide enough information to assess other potential impacts which can arise
from exposure to toxic substances at the system level. The effects of certain
substances may be mitigated during transit through an active and rich aquatic sys-
tem, while the effects of others may be ampTlified. The problem is further agqravated
by the fact that many substances interact synergistically to produce large net ef-
fects at low concentrations of each. Whole system studies obviously cannot be con-
ducted with the same facility as can toxicological Tlaboratory studies,and for this
reason we have chosen to evaluate freshwater microcosms as a means of testing the
stability, or sensitivity, of a given aguatic system.

Our ultimate objective is to develop predictive indicators that can reveal the
sensitivity of a systeém to disturbance prior to the imposition of the disturbance.
The attainment of this objective would be greatly facilitated if microcosms could
be used to generate the data necessary for the development and testing of such in-
dicators. An increasing number of research groups have employed microcosms in re-
cent years, but few, if any, standard methods for the design, installation and oper-
ation of microcosms have resulted from this expanded interest. Our first priority,
therefore, has been to consider the conditions under which microcosms can be use-
ful for helping to understand system behavior in natural bodies of water and to
develop an effective protocol which would necessarily result in reproducibie
microcosm behavior for its use. We have sought:
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¢ To characterize the difficulties in obtaining replicate microcosms
that simulate natural systems;

. To explore the use of microcosms for simulating perturbations of
natural aquatic systems by coal conversion effluents;

. To identify those biological and chemical parameters most useful
for evaluating the responses of microcosms to stress;

] To test the use of microcosms in evaluating a hypothetical stabil-
ity indicator derived from thecretical studies.

We have conducted our experiments with four sets of microcosms that correspond
to four different types of natural systems in order to identify both general pro-
blems in microcosm design and phenomenological parameters common to diverse sys-
tems. One of our initial hypotheses, which we have tested using the microcosms,
was that the decomposition process could be analyzed to predict the sensitivity to
perturbation of the system; a parameter, KD, reflecting the carrying capacity of
the system for decomposition, was identified from theoretical studies conducted pre-
viously in an ERDA sponsored project. {1) We measured this carrying capacity and
assessed its relationship to the sensitivity of each system, as determined by sub-
sequent perturbation, in order to test its value as a predictive indicator.

Each of the three rounds of principal experiments involved replicate microcosms
for each condition and lasted four months. During the first two months of each ex-
periment data were collected and used to assess reproducibility in the microcosm
systems for the purposes of locating problems particular to microcosm operation and
providing trend lines by which to evaluate the sensitivity indices. At the end of
the first two months of each experiment, sub-experiments were conducted to measure
the carrying capacity of the decomposers. Immediately following the commencement
of each sub-experiment, a common constituent of coal conversion was added to half
the microcosms and all systems were monitored for an additonal two months.

At the conclusion of each experiment,sensitivity indices were calculated for
various parameters in the microcesms and KD values were determined from the sub-
experiments. Particular problems related to microcosms, such as side growth, were
noted. Finally, an additional detrital experiment was conducted to clarify the
relationship between an increase of detritus in a system and the subsequent increase
in decomposition activity.

In the review of this first series of experiments we examine what we have

Jearned about the design and operation of microcosms and attempt to determine
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whether we have had a valid test, using this microcosm methodology, of the stability
indicator initially suggested by our theoretical work.

Section 2 is a description of our approach to the problem of studying the
feasibility of using microcosms as experimental probes. In Section 3 we describe
our experimental observations and discuss the results of the perturbation experi-
ments. We then relate conclusions drawn from our data and qualitative observations
to problems in the design and operation of microcosms {Section 4). Included in
this section is a critique of our methods in which we also consider problems in our
approach to monitoring the systems. Section 5 is a statement of theoretical devel-
opments. Results and conclusions are summarized in Section 6. Specific details
are provided in the appendices; these include write-ups of the three principal
experiments, abstractions from which are contained within the main text of this

report.
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Section 2
OPERATIONAL DESIGN

In this section we will discuss the basis and format for our work. Details
of our experimental methods and results are contained in Section 3 and the appro-
priate appendices.

EXPERIMENTAL
Rationale

Our primary experimental concern has been evaluating the feasibility of using
microcosms to determine the impact of energy conversion and production upon aquatic
systems. Laboratory studies are motivated by the observation that nature operates
by certain inviolable rules, and the likelihood of discovering these rules is in-
creased when the system under scrutiny is complicated by fewer uncontrolled proper-
ties and influences. However, laboratory systems cannot be expected to imitate nat-
ural systems in all aspects of their biological processes; thus the ultimate useful-
ness of laboratory systems depends upon the identification and quantification of a
sufficient number of properties that are common to both natural and Taboratory sys-
tems., Quantification of these common properties depends upon the development of
theoretical and experimental methods.

We have undertaken a wide range of observations of our microcosms in order to
iook for indications of properties that may be common to most, if not alt,
aquatic systems; the breadth of our observations has also been motivated by the
need to identify and correct problems that are specific to laboratory systems and
thus obscure fundamental properties. We have found, for example, that the exception-
ally high underwater surface (sides and bottom) to volume ratios in small laboratory
systems result in disproportionately high percentages of sessile biomass: long
term operation of microcosms will be possible only if means are found to control
this problem. We have also demonstrated that it is unrealistic to attempt to main-
tain fish in any but exceptionally large laboratory systems. These issues will be
discussed, in context, below.

Facilities

A1l experimental systems were housed in a constant-temperature room, maintained
at 18C (62F), and were provided with controlled, high-intensity fluorescent lighting
on a 12 hour light:dark cycle. The incident irradiance on the water surface of
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the microcosms was adjusted to 63 £ 2 umol m'2 5'1 PAR. A system of filtered com-
pressed air distribution was used to maintain mixing and aeration in the experi-
mental containers. O01igotrophic microcosms of 700 liter capacity were established
prior to the onset of the first experiment and were maintained during experiments
in order to provide inocula for each of the three experiments.

Strategy

The strategy in the conduct of the 1977 series of experiments was to establish
four sets of microcosms corresponding to a range of trophic states found in nature.
We chose to inoculate the microcosms with water from a larger established micrccosm
with the intent of obtaining a greater degree of uniformity among the different
serial experiments than would be obtained using inocula from natural lakes; the
choice of type and volume of inocula was of necessity arbitrary, due to lack of
information on the subject, and is discussed further in Sections 4 and 6. The de-
composition activity in the microcosms was evaluated in a set of sub-experiments
carried out in aliquots derived from the microcosms. The resistance of the dif-
ferent types of microcosms to perturbation was tested by introducing into the micro-
cosms one of several common constituents of coal conversion processes.

The Basic Microcosm Experiment. Three sets of microcosms were established in the

range of oligotrophic (1 umol 1'1 N), mesotrophic {10 umol 1"] N), and eutrophic
(100 umol 1'] N) systems, respectively; N:P molar ratios in these sets were between
5:1 and 10:1. A fourth set was oligotrophic and N-1imited with an N:P ratio of
1:10. The precise values are given, in context, in the appendices to each experi-
ment. The composition of the nutrient enrichment media used to establish the micro-
cosms in correspondence with different trophic types of natural systems has been
described (2).

Fach set consisted of two triplets of 50 liter microcosms; one triplet of each
set was eventually subjected to contamination by one of the pollutants to be tested
while the other triplet remained as a base line, or control, for comparison.

Each experiment was divided into two 2-month phases. The purpose of the first
phase was to assess the reproducibility of the sets to be used in the perturbation
phase of the experiment and to allow the microcosms to pass through an initial bloom
before subjecting them to perturbation; the purpose of the second phase was to de-
termine whether the effects of perturbation by particular constituents of coal con-
version effluents, at the levels tested, could readily be seen in microcosms, to
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assess these effects, and to evaluate the relationship between our original predic-
tive indicator and these effects in different systems.

The pollutants added in each of the three experiments were chosen because of
their prevalence in coal conversion effluent water, their ready availability, and
their relatively low hazard to laboratory personnel. They were added at concentra-
tions chosen to simulate possible levels in the receiving water. The actual down-
stream water exposed to effluent discharges would depend upon the size of the body
of water so exposed, the through-put of unpolluted water, and the operating level of
the conversion facility. We chose 1.6 mM (28.8 ppm) NH4, 0.12 mM (6.5 ppm) Fe(III},
and 5.3 M (0.5 ppm) phenol. Ammonium was added as a mixture of NH4C1 and (NH4)2504
so as to minimize pH modification of the perturbed tanks because we were interest-
ed in the effects of the ammonia compound as a source of nutrient. Iron was added
as FeCl
position of the acidic chloride salt in order to observe the response of the system

3-6H20. In this experiment we decided to allow the pH to respond to the im-

to the coupled imposition and because artificial maintenance of the pre-perturbation
pH would have resulted in a loss of much of the iron as Fe(OH)3 precipitate. Phenol
was added from aqueous. solution.

Near the end of the first phase of each microcosm experiment, a beaker sub-ex-
periment was conducted to establish the quantitative values of our predictive indi-
cator. This predictive indicator, KD, and the guantitative effects of perturbation,
S'i, are calculated from the relationships explained below 1in this section.

Parameters Measured. In both phases of the basic microcosm experiments we monitored

a number of biological and chemical parameters on a weekly basis; in the beaker sub-
experiments some of these parameters were monitored on a daily basis for the first
week and subsequently on an irregular basis for several more weeks. The parameters
monitored included inorganic carbon (IC), organic carbon {0C), NH, NO4*NO,, total phos-
phorus (TP} phytoplankton (number, volume and dominant species), zooplankton (num-
ber, volume and dominant species), chlorophyll a flourescence,pH, and temperature.
The pH and temperature were measured at two different times during the day on sam-
ples maintained under dark and light conditions, in order to derive values of 002
exchange for dark respiration and net productivity. The methods utilized have been
described elsewhere (1).

The Beaker Experiments. The predictive indicator, KD’ is determined trom measured
changes in the rate of decomposition in a system when its level of detritus changes.
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Prior to perturbation of the microcosms by the introduction of a toxic substance,
small aliquots were removed from the microcosms. The use of small aliquots in-
sures that the original systems will not be significantly alterea. 1t is absolutely
necessary to conduct the experiment in this manner because any predictive indicator,
if it is to be of value in field application, must be determinable without modify-

ing the natural system.

Four 1iter beakers were set up for each of the four different trophic microcosm
systems. A volume of 2 2/3 liters was removed from each microcosm of each triplet,
pooled and divided into two 4 liter aliquots. One aliquot was enriched 40% with re-
spect to organic carbon by a detrital preparation, obtained as described in Appendix
A, while the other aliquot served as a control. Thus, in each system, both the or-
iginal control triplet as well as the original treatment triplet was subjected to
this test, providing duplication of the test itself, as the treatment triplet was
not yet perturbed.

One method of quantifying the response of decomposers to addition of detritus
is to measure the variation in respiratory gas exchange following the addition. In
all of these experiments we monitored altered and control respiration rates in every
aliquot. In the first beaker experiment, which accompanied the ammonia perturbation
experiment, we also monitored bacterial plate counts as well as many of the param-
eters monitored in the basic microcosm experiments. In the beaker experiments re-
lated to the iron and phenol perturbation experiments, we closely examined changes
in phytoplankton and zooplankton in selected aliquots, primarily to determine if our
experimental approach has further application in understanding decomposition pro-
cesses in planktonic systems.

The specific details of each experiment are given in the appropriate appendices.
The Indices

The Sensitivity Index. This parameter, S, is used to reflect the effects of pertur-

bation and is defined by the equation:

ST 1 S(T-c /T (€Q-1)
n

where T is the value of a particular measurement, such as zooplankton volume or
ammonia concentration, in the perturbed tanks, C is the value of the same measure-
ment in the controls and n is the numher of days over which the integral is taken.
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Calculation of S-] for the period prior to the perturbation serves as a measure of
replicability with values of S'] approaching 0 representing high replicability dur-
ing that period.

The Stability Index. This is the parameter determined from the decomposition beaker

experiments and compared with S—] to assess its value as a predictive indicator. It
is defined by the equation:

Ky = ( 7(E - C)/7 C)/(aD/D) (EQ-2)

where E is the value of a particular measurement in the beakers that were enriched
by a detrital preparation, C is the value of the same measurement in the controls,
Do is the initial amount of detritus {characterized by the Tevel of organic carbon)
and AD is the change in the amount of the detritus.

DATA PROCESSING SYSTEM

Data analysis is aided by the laboratory's interactive data storage and re-
trieval system., Experimental data may be stored using a Tektronix 4001 graphics
terminal, which is linked to LBL's CDC 6000 computer. The data is stored on-line,
using interactive programs written by our group, and is available at any time for
correction or review. Any of the data may be analyzed or displayed graphically,
and permanent hard copies of the results may be produced. The programs for data
analysis and storage have been integrated into an easy to use system, making the
computer accessible to all members of the group regardless of computer skills.
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Section 3

EXPERIMENTAL OBSERVATIONS

A generalization of the results from each of the three perturbation experi-
ments, including the three beaker sub-experiments, is presented here. More com-
plete summaries of the data for each experiment can be found in the corresponding
appendices.

The trophic characteristics of each of the systems were defined by the initial
nutrient levels used to establish the microcosms, as shown in Table 3-1.

Table 3-1
CHARACTERISTICS QF THE MICROCOSM SYSTEMS

Limited Excess Excess Ratio

System System Type by N or P N* p* N:P Use
A 31igotrophic N and P 1x 1x 10:1 Treatment
B 0ligotrophic N and P 1x 1x 10:1 Control
C Mesotrophic P 10x 10x 10:1 Treatment
D Mesotrophic P 10x 10x 10:1 Control
E Eutrophic Neither T100x# 200x 5:14  Treatment
F Eutrophic Neither 100x# 200x 5:1# Control
G 0ligotrophic, N-1imited N 1xf@ 100x6 1:10  Treatment
H 0ligotrophic, N-limited N 1x@ 100x@ 1:10 Contro]l

Notes: *Excesses of N and P are relative to tanks A and B; #Excess N was 200x and
the N:P ratio was 10:1 in phenol experiment; G@Excess N was 2x and excess P was 200x
in the iron experiment.

REPLICABILITY

The data acquired during the first two months of each experiment and during the
beaker experiments, which were conducted on each system prior to perturbation, pro-
vided the opportunity to assess replicability in the microcosms and in the beakers.
As explained in the description of sensitivity index, a value of S-.l = 0 for the
period prior to perturbation represents perfect replication between the two triplet
sets of a system, for the parameter being measured. The range of S'1 is 0 to 1. Cal-
culated values for the pre-perturbation pericd are presented in Table 2. The values
of KD for each triplet set of a system are derived prior to perturbaticon and there-
fore can be compared to provide another parameter for the purpose of assessing rep-
Tication. A new value, S', is obtained from the same type of relationship used to
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calculate S:
r‘] -
ST = Ty = Gl 7 (T + C) (EQ.-3)

where TK and CK are KD for the two sets of each system. No integral is involved
because KD is taken only once in each experiment, but KD itself is an integral of
measurements taken over a series of time intervals. The index, 5'1, reflects repli-
cation in the beaker experiments while values of 5'1, prior to perturbation, reflect
replication hetween the triplet sets.
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Table 3-2
REPLICABILITY
571 and 571 x 100

A<B D EF GH
Experiment T 1T ~TIT [ 1T 1T 1 il Iif [ I 101
Parameter
57 1C0,Ev nd 2 nd 15 0 nd 33 43 nd 72 5 nd
5 i, 7ond__2 22.nd 13 27_nd__ 9 26 nd__33
571co,Ev W o1 M 11 1 7 7 5 9 2 4
5™ N, 7 12 2 5 3 22 6 3 39 5 14 21
57Ic o 1 2 1 1 2 2 3 1 2 1 8
s7loc 3 5 12 3 5 5 4 5 8 6 10 13
57l 6.2 nd 318 nd 5 _6_nd 4_4_ nd
5™ pnytor B 2707 1125 17 13 13 13 3 56 8
s 1Z00p] 23 nd 2 25 nd 2 6 ad 8 11 nd 2
5™ TRotif nd 6 18 nd 27 28 nd 8 60 nd 42 85
s™crust nd.. 712 nd 176 nd 3.5 ond 284
Avgs, 5]
nutrients 5 8 10 4 5 6 4 4 1] 4 5 g

Notes: *Determined from Chlorophyll a flourescence in Experiment I; nd, no data;
Experiments: 1, NH4 perturbation, 11, Fe(Ill) perturbation, III, Phenol perturba-
tion. All values are for periods prior to perturbations.

Generalization of the above data must consider the fact that the relative error
for a given measurement increases when the levels of the quantity being measured
approach the limits of sensitivity of the method. This is the case for phosphorus
in the phosphate limited systems. Two apparent trends merit discussion and are
dealt with in Section 4: i)measurements of the biota reflect lower replicability
than do nutrient measurements and ii) replication as reflected by the nutrients is
poorest in the Phenol Perturbation Experiment.
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BIOTIC GROWTH IN THE SYSTEMS

Increases in biomass, as reflected by increases in organic carbon, fluores-
cence, and phytoplankton numbers, began immediately following inoculation in all
systems in each of the three experiments. In the first (ammonia) experiment, phyto-
plankton blooms occurredon the same days both before (days 14-22, 42-56) and after
(days 90-111) the perturbation regardless of the initial nutrient conditions. In
the second (iron) experiment, phytoplankton blooms occurred in the low phosphorus
systems before (days 14-22) the perturbation; in the high nitrogen and high phospho-
rus systems the blooms occurred at about the time of the perturbation {day 50),
while in the low nitrogen high phosphorus systems the perturbed systems had a phy-
toplankton maximum before the perturbation and the unperturbed systems had one after-
ward. These maxima were dominated by Cryptomonas and Ankistrodesmus. In the third

{phenol) experiment, the phytoplankton maxima all occurred after the perturbation
except in the high nitrogen and phosphorus systems. A1l the above maxima occurred
on different days for different systems, and consisted mainly of Chlorella, Anabaena,
and Ankistrodesmus. In all the experiments phytoplankton volume maxima and OC lev-
els were usually highest in the high phosphorus systems.

Following initiation, rotifers were usually the first zooplankton to signifi-
cantly increase their numbers. Total zoopTankton volumes usually achieved their
maxima following phytoplankton blooms, the 2nd largest maxima were found in the
high phosphorus systems,

THE PERTURBATION EXPERIMENTS
Ammonia

A11 systems underwent a phytoplankton bloom, on days 90-111, following the per-
turbation. The peaks of all phytoplankton bTooms in this experiment occurred on the
same days, regardless of initial nutrient levels and perturbation; the magnitude of
the blooms, however, reflected the particular conditions. Zooplankton Tevels were
depressed by a factor of 10 in perturbed sets as compared to controls. Maximum zoo-
plankton levels in the controls were correlated with the initial nutrients as shown
in Table 3.
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Table 3-3
MAXIMUM ZOOPLANKTON LEVELS

System

Characteristic log Cm3/1
B N and P Timited -5
D P Timited -4
H N Timited -4
F N and P excess -3

The other striking result was a large decrease, at least 50% over 60 days, in
IC in the perturbed tanks; the levels of organic carbon and flourescence were ap-
proximately the same in the perturbed and control sets except for system G-H. Three
possible explanations are discussed in the appendix for the behavior observed in
this experiment.

The sensitivity indices for IC, OC, flourescence, net productivity, dark res-
piration, and N03+ND2 all reflected the greatest response to perturbation in systems
G-H (Table 7A-1).

Ivron

The addition of Fe(III) resulted in an order of magnitude drop in IC Tevels as
compared to the contrels {Fig. 78-1). This response accompanies a drop in pH from
7 to 4, due to the addition of the acidic chloride salt, and can be entirely ac-
counted for by the lowered atmospheric equilibrium value for C02 at pH 4.

The levels of total phosphate in E and G decreased abruptly to those of the
phosphate limited systems, A-B, C-D (Table 7B-1}. This may also be explained in

terms of chemical phenomena by the formation of insoluble iron-phosphate complexes.

Phytoplankton volume decreased in all treated sets immediately following the
addition of iron but eventually began to recover in E (Fig. 7B-5). The major cause
of the decreases was probably due to flocculation of algae by the trivalent iron.
Rotifer and crustacean populations were destroyed by the addition of iron and thus
could not have been responsible for the failure of the phytoplankton to recover from
the initial drop.
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Phenol

The initiation of this experiment differed from the first two experiments in
that 10 liters, rather than 25 liters, of inoculum water from the 700 liter parent
tank were used to initiate each of the 50 Titer microcosms.

Although replicability in this experiment was below that in the previous ex-
periments, it was still possible to observe effects due to the introduction of phe-
nol. The greatest differences between the perturbed tanks were in the zooplankton
volumes {Fig. 7C-2). Cladoceran blooms were suppressed relative to the controls in
all perturbed tanks, and copepod blooms were suppressed relative to the controls in
A and E (Table 7C-2). Rotifers and ostracods did not appear to be affected at the
concentration of phenol employed. In general, G-H again appeared to elicit the
greatest relative response to perturbation, at least with respect to zooplankton,
but the difference between the responses of G-H and E-F was minimal. In the Tow
nitrogen systems (A and B, G and H), Anabaena was suppressed by the phenol.

THE INDICATOR EXPERIMENTS

The Measurement of KD

There were no essential differences in experimental logistics among the three
indicator experiments because they were all conducted prior to perturbation of
their parent microcosm. Following enrichment of the detrital pool of half the beak-
ers with a preparation of heat-killed E. coli, the parameters directly indicative
of decomposition generally showed a rise and subsequent fall in all the treated
beakers relative to the contrpls. These parameters were ammonia, dark respiration
and bacterial counts. The increase in organic carbon in the water column of the
treated beakers, which resulted from the detrital addition, generally underwent a
sharp drop during the first two days, a continued more gradual decline for several
more days, and then a subsequent rise. The initial drop was most likely the result
of the settling of larger particles,while the more gradual decline correlated with
increases in dark respiration Tevels. The subsequent rise reflects stimulation of
phytoplankton growth by the nutrients released in the decomposition process.

The values of KD derived from the parameters indicative of decomposition
tended to be highest in system G-H in the first experiment (Table 7A-2). These re-
sults were not borne out by the second and third indicator experiments.
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The Effects of Detrital Enrichment

An additional experiment was conducted in order to evaluate the relationship
between the size of the increase in the amount of detritus and the response of the
decomposers. This experiment is described in Appendix 4. It was found that pro-
gressively greater additions of detritus Ted to a greater than linear response in
primary decomposition activity, suggesting a need for further understanding the
basic decomposition processes in aquatic ecosystems.
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Section 4
GENERAL DISCUSSION

A substantial amount of diverse data has been generated during the course of
our exploratory studies with microcosms. At the onset of one experimental series
we considered two procedural alternatives: i) conducting few kinds but large numbers
of repetitive measurements in order to obtain the statistical parameters necessary
for a rigorous evaluation of our hypothetical indicators, or ii) conducting rela-
tively few measurements of a larger number of chemical and biological parameters
in order to obtain a broader overview of microcosm behavior. Our choice of the
latter was determined by the need to firmly establish the reasonableness of micro-
cosms as experimental systems for study of the effects of waste water from energy
conversion processes on aquatic systems. In our discussion below, we have focused
primarity on specific problems in the design and operation of microcosms and, sec-
ondly, on the choice of parameters to be eventually monitored in detail.

DESIGN AND QOPERATION OF MICROCOSMS

Some of the problems discussed herein have apparent solutions while others must
be investigated in more depth.

Initiation

A 700 liter microcosm, which had been established several months prior to the
commencement of the first experiment of this series, was used for inoculation of the
50 Titer microcosms. Because the three perturbation experiments were to be conduct-
ed sequentially, at different times of the year, we anticipated difficulties in com-
paring results if the three experiments were initiated by natural lake water, which
would contain seasonally variable biota. We found, however, that the biota in our
700 liter microcosm continued to change during the course of the experiments and
became progressively less diversified. This problem, which causes us to beljeve
that the use of a long term microcosm for stock cultured biota is not an optimal
method, is discussed further in the next sub-section.

Initiating microcosms by enriching demineralized water with nutrients and inoc-
ulating it with a small proportion of natural lakewater is not considered a likely
alternative. Experience has shown that organisms of low abundance in the inocula
may develop profusely in a microcosm environment, often resulting in poor replica-
tion, due to significant random variations in the initial levels of organisms pre-
sent in Tow numbers in the inoculum. The same problem may occur when proportionate-
1y small inocula are derived from a large microcosm and diluted inte small micro-
cosms. Problems of scale are discussed below in Appendix E.
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A need exists for testing microcosm initiation using a “"semi-gnotobiotic" in-
aculum, one in which all organisms present occur either in large or precisely de-
fined numbers, in order to avoid significant variation for any organism among dif-
ferent inocula. We plan to accomplish this, and a testing of the influence of other
aspects of initiation strategy, such as dilution factors and successional stage of
the parent system, in a further series of experiments.

Conditioning

It was noted in the previous section that the best replication was obtained
between identical sets of microcosms in the first of the three experiments. Repli-
cation in the second experiment was acceptable, while that of the third experiment
was disappointing. This progressive decline in replicability suggests a systema-
tic problem. In the case of the third experiment improper tank cleaning prior to

the experiment probably caused the poor replication.

The communities present in microcosms invariably deviate, with respect to the
natural system from which the microcosms were derived, as a function of time in the
laboratory. One of the first changes in our microcosms was the disappearance of
diatoms. We observed the emergence of Ankistrodesmus, a needle-like chlorophyte

that is a common inhabitant of aquaria, early in our experiments. This species,
along with Cryptomonas, dominated the phytoplankton communities in the second exper-
iment. Ankistrodesmus was ce-dominant with Chlorella and Anabaena in the third
experiment.

The loss of species diversity among aquatic communities maintained for pro-
longed periods in the laboratory may be due to artificial lighting, seasonal and
spatial homegeneity,lack of temperature variations, particular surface problems,
and other factors that must be understood in order to conduct long term microcosm
studies. Conditioning may also be intimately related to the initiation strategy
of using proportionately small inocula. The feasibility of reinoculating microcosms

on a frequent basis as a means of alleviating the problem of laboratory conditioning
is another aspect of initiation and maintenance strategy to be explored,

Resolution of the problem of conditioning, however, necessitates tracking stu-
dies, in which the microcosms and the systems from which they were derived are fol-
lowed concurrently. Manipulations of basic design, such as microcosm size, and of
operating procedures, such as periodic reinoculation or semi-gnotobiotic initiation,
in tandem with tracking studies will help to establish standard procedures for mi-
crocosm research, enhancing their usefulness and defining the Timits of their

applicability.
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Problems of Scale

Among the most important problems facing aquatic microcosm research are those
resulting from the small size of laboratory microcosms, because not all biological
and physical processes present in natural ecosystems can be scaled down to labora-
tory size. Three major problems of scale are:

. The dominance of chemical and biclogical activity occurring on the
sides and bottoms of microcosms;

] The difficulty of including higher trophic levels;
] Problems arising from the shallow depth of most microcosms.

Side Growth. The most severe of the above problems is the first: 1t is, in partic-
ular, the growth of periphyton on the sides of the container. Periphyton exerts a
significant effect on the metabolism of microcosms within 40 to 50 days after inocu-
lation. Biological control of periphyton growth has been largely unsuccessful. We
intend to study mechanical means of effecting this control.

A possible way around the problem of periphyton growth is to focus on the
plankton bloom which occurs shortly after inoculation. Because side growth does
not become firmly established for nearly two months after inoculation, little inter-
ference with the activity of the water column during that period is expected. Bloom
phenomena in natural systems play an important role in determining the overall be-
havior of the ecosystems. This viewpoint contrasts with the notion that microcosms
are useful only after they have progressed to a static configuration in which net

biotic growth has ceased.
Further research into the problem of periphyton growth is strongly warranted.

Higher Trophic Levels. Inclusion of larger fauna such as fish, snhails and decapod

crustaceans in relatively small systems can lead to significant alterations of nu-

trient levels and nutrient cycles as a consequence of the substantial utilization and
excretion of carbon and nitrogen compounds by these organisms. If the relative pro-
portion of biomass in the higher trophic levels is too large, these animals may sim-

ply overgraze the available food supply and starve.

[t initially appeared that a 1000 liter microcosm could readily support 1 gram
of fish biomass. We found, however, in a study of microcosm trophic structure (4)
that 3g of fish biomass in a 700 1iter microcosm resulted in a fish to zooplankton
biomass ratio higher than would be expected in a natural situation. Abnormally high
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ratios of carbon to chlorophyil a were also observed. For these, and other reasons
(detailed in Appendices E and F) we chose to exclude higher trophic levels from the
miCrocosms.

Depth. One of the problems in shallow microcosms is that losses of phytoplankton
from the water column due to sinking are abnormal. The death and decomposition
rates of phytoplankton, which results in accumulation on the bottom of the contain-
er, are difficult to measure. These rates affect the rate at which nutrients are
recycled to the water column; conseqguently, measurements of nutrients in the water
column cannot always be used to characterize pelagic systems. This point is further
explored in the sub-section on monitoring methods below.

CRITIQUE OF MONITORING METHODS

The acquisition of meaningful data in microcosm studies is a twofold problem.
First, one must consider what kinds of informaticn are deducibie from the specific
properties measured. One must next consider whether the methods used to mea-
sure those properties are sufficiently precise.

The Types of Data

Measurement of nutrients in the water column is relatively facile and, in large
scale operations, can be automated. It is not clear, however, that expanded nutrient
measurements can be substituted for biotic data. One striking result from
our perturbation experiments was the disparity between the sensitivity indices de-
rived from plankton counts and those derived from nutrient levels. We frequently
observed only small differences in some nutrient levels between the perturbed and
unperturbed sets of the same system, while differences in number and composition of
pelagic communities clearly reflected the effects of perturbation. An example of
this is the similarity of organic carbon (Fig. 7B-2) and flourescence levels between
the perturbed and unperturbed sets in the first (ammonia} experiment, while zoo-
plankton levels were depressed by an order of magnitude in the perturbed tanks (Fig.
7B-6; 7B-7).

It is apparent that the nutrient levels can suggest when one system has dif-
ferent surface activity from another, even though the pelagic communities appear
similar. Pelagic nutrient measurements do not appear to be conclusive, however, in
distinguishing one pelagic system from another. This point is of paramount impor-
tance because many microcosm studies have invoked nutrient levels to compare the
microcosms with natural systems as well as with other laboratory systems.
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Enumeration of the biota thus seems to be a requisite for monitoring pelagic
systems. It also appears to be the best means of determining the degree to which
microcosm communities have become conditioned by their residence in the laboratory.

Measurement Technigues

Our methods have been those employed in standard limnological studies, and
references to their sources are provided in the relevant appendices. In our ex-
perience, however, some of these methods do not provide the sensitivity required
to make their results statistically significant., In the case of phosphorus meas-
urements in the phosphate limited systems, for example, the data vary around a very
low mean - the phosphate concentrations in those systems are not above the limits
of sensitivity of the method. It is not 1ikely that increased repetition of these
measurements would provide meaningful data. Similarly, the method by which 1ight
and dark CO2 uptake or evolution is determined depends upon a pH measurement pre-
cision of .01 when the uptake of CO2 is on the order of 1 umol per hour, a rate com-
mon in oligotrophic and mesotrophic systems that are not in a bloom phase. Few pH
measuring systems are sensitive to this degree. For these reasons, as well as those
discussed above, we advocate more thorough study of the biota in conjunction with
nutrient analyses.

In aquatic systems, many biological processes are well reflected by changes in
nutrient levels. Valuable information about decomposition activity and nitrifica-
tion can be obtained from measurements of ammonia, nitrate and nitrite. In subse-
quent perturbation experiments it would also be useful to employ chemical methods
to monitor pelagic levels of pollutants. Nevertheless, there appears to be no con-
venient substitute for biotic data.

MICROCOSM USE TN PERTURBATION STUDIES

The studies of the plankton communities again appear to have provided the mest
useful data for the analysis of the feasibility of using microcosms to study the
effects of coal conversion effluents on aquatic systems. In all three experiments
we observed significant changes in at least some of the pelagic communities follow-
ing the imposition of the pollutant.

The one question that arises concerns the approach in these experiments: that
of using small aliquots of the aquatic system to predict, by an indirect method such
as the evaluation of decompesition activity, the eventual response of the system to
perturbation. The rationale for not applying the pollutant directly to the small
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aliquots is that the recovery of the system is as much of interest as the initial
effects of toxification. The small aliquots do not provide the opportunity for

intermediate or long term observations. As discussed below, subsequent analysis of
our results showed that combinations of detrital and toxic additions to our small
aliquots may provide a predictive tool for assessing perturbations.

Direct assessment of the effects of perturbation on the microcosms themselves
yielded results interpretable in terms of what would be expected in natural systems,
Rectification of the problem of microcosm conditioning will further enhance the
utility of microcosms for perturbation studies. We are more able to focus on the
particular problems of microcosm design and operation as a result of these prelimi-
nary perturbation studies. Although microcosms can be used for intermediate term
perturbation studies, given the current state of the art, efforts to improve micro-
cosm methodology are necessary.

TEST OF THE PREDICTIVE INDICATOR

Our analysis of the detrital spike experiments and the perturbation experiments

suggests (1) that the perturbation experiments were not of long enough duration to
test the theoretically suggested decomposition and long term nutrient cycling sta-
bility implications of KD, and (2) a new method appears promising for using detrital
spike experiments to predict ranges of ecosystem behavior in cases both with and
without stress. In both the ammonia and phencl perturbation experiments, relative
ranges of behavior were successfully indicated by the detrital spike experiments.
In the iron perturbation experiment, the effects of the perturbation were so over-
whelming in all the systems that ranking the effects according to systems does not
seem meaningful, and hence the iron experiment cannot be compared meaningfully with
the spike experiments.

KD was selected as a hypothetical predictive indicator because theoretical stu-
dies suggest that it reflects the existence of positive feedback effects in ecosys-
tems that would be 1ikely to retard recovery of the system subsequent to perturba-
tion. These feedback effects can be understodd from the following example: If a
perturbation causes an initial increase (decrease} in the growth of phytoplankton
in the system, then the eventual increase (decreése) in organic detritus will pro-
vide a larger (smaller) source for decomposition. The resulting increase (decrease)
in decomposition will be large if KD is large, and small if KD is small., 1If KD is
large, and the increase (decrease) in decomposition is large, then a large increase
(decrease) in available inorganic nutrients for phytoplankton growth will result.
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Thus the effect of the perturbation will not damp out in time but will persist.

It is clear from this example that the type of self-damping or stability properties
reflected by the KD indicator are pertinent to a time scale for recovery which is
of the order of the time scale for nutrient cycling. However, the major contribu-
tions to the sensitivity indices as evaluated in our perturbation experiments arise
from the direct effects of the effluent. Therefore, we do not believe that the
potential validity of KD as a stability indicator related to long term nutrient
cycling was tested by our relatively short term experiments. Unless problems of

side growth are solved, it will not be possible to conduct such long term experi-

ments in microcosms.

Although the spike experiments were designed to study decomposition properties
related to long term nutrient recycling, they may also be useful as guides to eco-
system behavior over moderate (2-6 mos.) lengths of time; to elucidate this pos-
sibility, we consider an aquatic ecosystem initially in a relatively quiescent
state. At some later time, increased availability of both organic and inorganic
nutrients, due to natural processes in the system, will stimulate phytoplankton
and/or zooplankton blooms and subsequent decomposition activity. In many cases,
the size and duration of these blooms is one of the most ecologically significant
features of the ecosystem.

Consider now the detrital addition experiments in our beakers. Imagine taking
an aliquot of water from our originally quiescent ecosystem and adding a spike of
rich detrital material to it. Primary and secondary decomposition of the added or-
ganic material provides a diverse spectrum of organic and inorganic nutrients for
many of the biota in the aliquot to utilize and react to. The subsequent growth
{blooms)} or non-growth of particular species provides a preview of the range of

behavior to be expected in the original ecosystem over moderate time periods.

In trying to assess the effects of a perturbing agent, a modified version of
the above detrital addition experiment performed in addition to the standard spike
experiment would be very useful. This experiment would use aliquots taken from the
original system to which the perturbing agent, along with the detrital spike, is ad-
ded. The perturbing agent would be added before the spike in one aliquot and after-
ward in the other. Effects on the decomposition activity as well as various species
of phytoplankton and zooplankton by the perturbing agent would result in the signi-
ficant growth or non-growth of certain species of biota. Comparison of significant
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blooms in the two types of detrital spike experiment would provide a preview of
gross differences in terms of significant species to be expected over moderate time
periods between the perturbed and non-perturbed systems.

One key advantage of the detrital spike experiments over just watching a natur-
al ecosystem evolve is that the spike experiments take very little time compared

to most natural ecological time scales.
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Section 5
THEORETICAL DEVELOPMENTS

Although the basic thrust of this project has been experimental, it was found
necessary to develop certain theoretical tools in order to interpret our data. Much
of our concern has been with the stability of ecosystems that have been disturbed by
such stresses as pollutants. We have therefore developed a definition or measure of
stability that can be evaluated in a perturbation experiment and used to compare the
stability of one system with another. We describe here some theoretical advances
we have made in interpreting this measure and relating it to other, more familiar,
quantities in ecology.

BACKGROUND

A11 notions of stability in ecology pertain to the relation between a stressed
state of a system and the state the system would have been in had there been no
stress. Where these notions differ are in the aspects of that relation which are se-
lected as being especially important. No single measure of ecosystem stability can
be suitable for all purposes and satisfy the interests of all ecologists. The no-
tion of resistance to stress is very useful if one's interest is in the maximum
extent of the deviation between the stressed and unstressed system; resilience is
of relevance to those concerned with the rate at which a system returns to pre-
stress conditions; asymptotic stability is a useful concept for those concerned

with whether or not a system will eventually return to its pre-stressed state.

Other concepts of stability likewise single out certain aspects of perturbed be-
havior for emphasis.

A shortcoming of much theoretical work in ecology is that results often are not
expressed or expressible as relations among readily measurable quantities. A famii-
iar example is the often-quoted result that a necessary and sufficient condition for
asymptotic stability of a system described by a community matrix is the negativity
of the real parts of all the eigenvalues of that matrix. While mathematically rig-
orous, this result unfortunately is not very useful in such situations of practical
concern  as environmental impact prediction or assessment. Suppose an ecosystem is
disturbed by some activity; for example, effluent is dumped in a lake or a water-
shed is partially timbered. On the one hand, asymptotic stability is too stringent
a condition in the sense that the eventual return of a system to precisely its pre-
disturbed state is neither 1ikely (even if the stress is removed) nor essential to
environmental acceptability. On the other hand, the condition may be too lenient
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if the system takes a very long time to return to predisturbed conditions, or is
displaced quite far from its original state prior to its eventual return. Asympto-
tic stability is a mathematically convenient notion because there is a precise math-
ematical prescription for determining whether or not a system is asymptotically sta-
ble. But the relevant question in much environmental impact assessment work is not
one of whether a system is stable, but rather of how stable it is.

Qur work in this area was motivated by our perceived need to bring theoretical
stability analysis more in alignment with experimental constraints and practical
needs. Our objective was to introduce a definition of stability which offers a

quantitatively useful measure of ecosystem (or more generally any system) response

to stress. Although the definition of stability we developed appears to be mathe-
matically ungainly, it has the advantage of quantifying what is often of most in-
terest to those concerned with the responses of ecosystems to environmental stress.
Moreover, with rigorous anaiytical methods, we have now been able to show how the
value of this stability measure depends upon certain potentially measurable param-
eters characterizing the predisturbed system.

Results

The definition of stability we employ provides a measure of the deviation be-
tween a disturbed system and a control. In most general form it is given by:

sV =z sl at £ x(t) L X () (£Q.-4)

where the x; are the variables that describe the disturbed system, the E% describe
the undisturbed or control system, t = 0 is the time at which the disturbance be-
gins, and t = T is the duration of the perturbation experiment. The ¢y are weight
constants, and f is a non-negative function that vanishes when X; Xy and is a
monotonically increasing function of |xi - ?}l. Note that these properties of the
function, f, insure that our stability measure, S,is biggest when the time-integra-
ted deviation of the perturbed systems from the control system is least. A parti-
cular form for f that we have used in our data analysis is described in Section 2,

While Eq. 1 provides an index or measure of stability which is empirically con-
venient (or can be made so by appropriate choices of the C; and f) and appears to
have the flexibility to reflect well many of the realities of environmental impact
concerns, it does not relate readily to methods of mathematical analysis of theore-
tical models other than computer simulation. And yet if it is to provide more than



just an empirical property of stressed ecosystems, and is to be related in some way
to properties of the pre-stressed system, such as diversity, then methods of mathe-
matical analysis of this measure would be useful.

In a recent article (3}, we have developed an analytic approach to the study
of this stabiiity index. We picked a reasonable choice for the form of f in Eq. 1
and performed a random average over all initial stresses. Our analysis then showed
that the stability measure, S'l, correlates unexpectedly well with two parameters
(the mean and the variance) characterizing the distribution of residence times in
the ecosystem. Because it may be possible to measure these parameters by means of
a tracer experiment, we are encouraged that predictive indicators for the stability

measure, S“], will be achievable.

To summarize, the stability index, S'l, is of interest for three reasons. First,
it is of phenomenological value in that it provides a convenient way to express ex-
perimental data obtained from ecological perturbation experiments carried out under
controlled conditions. Second, it is amenable to theoretical analysis, as we have
now shown, Third, there are encouraging suggestions that our stability measure cor-
relates with other gquantities that are more customarily measured in ecology and
that, therefore, there exist measurable properties of undisturbed ecosystems that
will allow prediction of 571 for certain kinds of stresses.

In other theoretical studies carried out this year in connection with the mi-
crocosm feasibility study, we have been developing improved approximation techniques
for handling systems of equations describing nutrient flow in ecosysiems under con-
ditions in which compartment sizes are changing rapidly. The motivation for this
work lies in our general observations that microcosms appear to be of most use dur-
ing the initial bloom period in an annual lake cycle. During this period of intense
growth and decline of phytoplankton and herbivorous zooplankton, numerical and ana-
Tytical mathematical methods customarily used in theoretical ecology are least ef-
fective. We have begun work on an analytical approximation method designed particu-
larly for this period in which ecological parameters are rapidly changing. Using

model equations as a “laboratory." we have compared the analytical approximations
with computer-generated sojutions and are encouraged by the preliminary results.

Further work is now in progress to refine and further test the method.
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Section 6

CONCLUSION

An evaluation of the use of chemically closed microcosms for assessing the
impact of energy conversion on aquatic systems has indicated that such systems of-
fer potentially convenient experimental tools for intermediate term (less than
three months) studies, provided that standard procedures for design and operation
are established. Key problems in the development of these procedures have been
identified in this study, and the use of microcosms is recommended contingent upon
the resolution of these problems.

Our analysis of the detrital spike experiments and the perturbation experi-
ments suggests (1) that the perturbation experiments were not of long enough dur-
ation to test the theoretically suggested decomposition and Tong term nutrient
cycling stability implications of Ky, and {2) a new method appears promising for
using detrital spike experiments to predict ranges of ecosystem behavior in cases
both with and without stress.

Direct observations of the effects of three different constituents of coal con-
version effluent water on microcosm systems corresponding to four different trophic
types of natural systems revealed significant responses to the perturbation in all
experiments. The specific responses of the individual systems depended upon the
nature of the perturbation. For most measurements, the phosphorus-rich, nitrogen-
Timited systems were most affected by the additions of ammonia and phenol; the phos-
phorus-rich systems were most affected by the addition of iron.

Interpretation of the results of these studies leads to the following points:

] Microcosms can simulate the behavior of natural systems for periods
generally not exceeding three months. Longer term studies will re-
guire solution of the problem of side growth.

] Microcosms are most useful during a dynamic growth phase, in con-
trast to the prevalent viewpoint that microcosms become useful
when having reached a static state.

[ A progressive decrease in the replicability of the microcosms in
successive experiments suggests a systematic problem that corre-
Tates with the age of the parent microcosm from which all inocula
were derived. It is thus Tikely that microcosms become
conditioned by laboratory environments.
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(] The relatively high proportion of surface to pelagic activity in
microcosms diminishes the importance of water column nutrient stu-
dies; quantification of pelagic biota is indispensable. The need
for determination of pelagic biota is reinforced by experimenis in
which nutrient levels as well as IC and QC were similar over time
in different systems but the biota were quite different.

(] The means by which microcosms are initiated is a degree of freedom
that affects replicability and community structure. Further study
of initiation procedures is reguired.

. Microcosms can be used to simulate specific trophic types of nat-
ural systems in order to assess the effects of particular pertur-
bations on a given system. Because they provide a diverse assem-
bilage of interacting biota, upon which a perturbation can be test-
ed, phenomena are observed which would be missed in single-organ-
ism studies.

] The most significant effects of the ammonia perturbation were low-
ered inorganic carbon and zooplankton levels as compared to the
controls. This is consistent with the ammonia stimulating primary
production while being toxic to the zooplankton.

] In the iron addition experiment, the most significant effects were
the decrease in phytoplankton and zooplankton. The fermation of
insoluble iron-phosphate complexes and the chelation of algal sur-
face compounds, resulting in flocculation, were primarily respon-
sible.

(] The addition of phenol to the microcosms resulted in suppression
of zooplankton in all systems and of the alga Anabaena in the
nitrogen-limited systems. T

[ A new strategy for using detrital spike experiments to predict eco-
system behavior was suggested by our experiments. In both the am-
monia and phenol perturbation experiments relative ranges of be-
havior were successfully indicated by this method.

Further studies to determine the factors influencing tracking of natural sys-
tems by microcosms are indicated. Objects for immediate study, suggested by the
preceding experiments, include:

. Optimization of initiation strategy;

. Control of surface activity and/or optimal use of microcosms in the
presence of surface activity;

0 Determination of the effects of size, nutrient levels and tempera-

ture on replicability among microcosms and between microcosms and
natural systems;

] The behavior of microcosms during blooms and the effects of pertur-

bation during this dynamic phase, prior to the onset of laboratory
conditioning.
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Many of the problems impeding the use of microcosms for short and intermediate
term simulations of natural systems appear to be potentially resolvable. Our ex-
periences indicate that efforts to obtain steady state conditions in microcosms

are of marginal value and that the greatest utility of microcosms well may be the
opportunity for studying the sensitivity of aquatic systems during dynamic phases.
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APPENDIX-A

GENERAL BACKGROUND FOR PERTURBATION AND STABILITY INDICATOR EXPERIMENTS
AND
THE AMMONIA PERTURBATION EXPERIMENT

Preliminary studies designed to evaluate the feasibility of using microcosms
to obtain predictive information about the resistance of freshwater systems to dis-
turbances have been in progress, under EPRI support, since October 1976. Replica-
bility, with respect to nutrient concentrations and the distribution of plant and
animal species, between microcosms of identical starting conditions has been good
enough to allow the preliminary evaluation of short term stability properties of
our systems.

The particular stability indicator that has been under investigation in the
current series of experiments is a parameter characterizing the elasticity of the
decomposition process, denoted by KD' It is described by the response of an eco-
system {or an aliquot derived from an ecosystem} to an artificially induced change
in the amount of detritus that serves as substrate for the decomposition process:
Ky = ST - C)/C)/(AD/DO),where T and € are measured values of parameters character-
izing the decomposition process {see below) for the treated and control systems,
respectively. DO is the initial amount of detritus (characterized by the level of
organic carbon)and AD is the change in the amount of detritus.

Four series of 6 tanks, each of 50 liters capacity, comprise the microcosm fac-
ility. Each of the four sets differsonly with respect to initial N and P concentra-
tions. Within a given set, all six tanks are identical at the outset of each 4 month
experiment and are allowed to develop under identical conditions for 2 months. Key
species and nutrients, along with dark and 1light bottle CO2 exchange, are monitored
weekly in each tank. At the end of two months, half the tanks in each sextet are
subjected to some by-product of coal gasification deemed Tikely to disturb natural
freshwater systems. The evolution of the perturbed (treated) and control tanks is
followed for an additional two months.

Just prior to the disturbance, 8 Titers are removed from each triad of tanks,
divided into 2 four liter aliquots, and used for the determination of KD as follows:
an amount of bacterial detritus equal to 40% of the ambient organic carbon is added
to one of the 2 four liter aliquots; bacterial plate counts, chlorophyll a floures-
cence, ammonia, nitrate + nitrite, carbon concentrations, and dark respiration are

monitored daily for one week.
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Some of the above parameters are then measured for two more weeks on an irreg-
ular basis. The quantity f(T - C)//C is determined for the different parameters.
This constitutes the predictive measurement. It uses only small aliquots taken from
the original 50 Titer microcosms.

Subsequent to the disturbance, all tanks are monitored weekly for two more
manths. A sensitivity index 1is determined for each of the monitored parameters:
-1 .1
S o= JIT -Cl/<T +¢C >,
Below we describe and discuss what was observed in the ammonia perturbation
experiment and the associated KD experiment.

RESULTS OF NHZ PERTURBATION EXPERIMENT

The general features observed in our first perturbation experimentare described
here. The 24 systems used in this experiment were divided into 8 sets (A,B,C.D.
E,F,G,H) of 3 replicates each. Every successive pair (i.e., A and B, C and D, E and
F, G and H) was initiated with the same concentrations of N and P; thus, there were
4 different sets of initial conditions, with 6 systems in each set (Table 3-1).

Sets A and B had low N and P levels, sets C and D had moderate N and low P levels,
sets E and F had high N and P levels, and sets G and H had Tow N and high P levels.
Each tank was initiated by using a 25 Titer inoculum from a 700 Titer system. The
inoculum was added to 25 liters of deionized water and inorganic nutrients added
to bring the levels up to the values shown in the table. The 24 tanks were un-
perturbed for 59 days. On day 60, 1.6 mM of NHZ was added to the set to tanks A,C,
E, and G, and followed for another 60 days. Throughout the 4-month duration of the
experiment, weekly monitoring of selected chemical and biological properties of the

systems was carried out.

Prior to the perturbation,all tanks went through two phytoplankton blooms on
days n14-22 and on days ~42-56. After the perturbation, all tanks exhibited a final
bloom on days 90-111. The peaks of all these blooms for all tanks, as measured by
0C and fluorescence, occurred on the same days, regardless of the initial nutrient
levels and independent of whether the systems were perturbed or not.

In most cases, zooplankton blooms approximately coincided with the second and
third phytoplankton blooms. The size of the peaks of the zooplankton blooms was
dependent on the initial nutrient levels and on whether the tanks were perturbed
or not. Zooplankton Tevels were depressed by a factor of 10 in the perturbed sys-
tems as compared to the controls. In addition, the maximum zooplankton levels in



the controls (reduced by a factor of 10 for the perturbed tanks) were correlated

with the initial nutrients in the following way: excess N and P (F) m10_3cm3 L']

excess N or P (D or H) m10_4 cm3 1_1, and no excess nutrients B A107° cm3 1_].

Besides the decrease in zooplankton levels in all the perturbed systems, the
other striking significant change was the large decrease in IC (at least a 50% de-
crease over the 60 day period) in the perturbed systems. Three possible explana-
tions for this drop in IC are consistent with the data:

1) The perturbed systems synthesized significantly more organic material from
the IC than did the controls. However, since the organic carbon and fluorescence
levels in the water column were approximately the same in the perturbed and control
systems, except Tor G and H, much of this activity must have either resulted in
biomass which sank to the bottom or in growth activity which took place on the sides
of the containers in the form of periphyton. Our measurements of net productivity
in the pelagic zone are not sensitive encugh to distinguish between these two alter-
natives.

2) The reduction of zooplankton in the perturbed tanks decreased the IC since
their contribution to respiration would be less than in the controls.

3) Finally, it is possible that the addition of NHZ, which is an end product
of decompesition, decreased decomposition in the perturbed tanks so that there was
less IC produced. Further analysis of our data, and some subsidiary experiments,
will be required to clarify this situation and suggest which combinations of these

possibilities are most likely.

The fact that a sizeable decrease of zooplankton occurred in the perturbed
tanks suggests the first twc explanations, and is not inconsistent with the third.
Such a decrease in zooplankton could have reduced grazing pressure on phytoplankton,
allowing larger amounts of biomass to accumulate on the bottom and sides of the per-
turbed tanks.

The extent to which algal growth in any of our systems was Timited by grazing
cannot be deduced from the available data. In future studies, subsidiary experi-
ments involving the comparison of small aliquots where zooplankton are filtered out
with aliquots where the zooplankton are not filtered will be made in order to ob-
tain more information on grazing properties of our systems. In addition, direct
phytoplankton counts of the main tanks will be made. This information, combined
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with zooplankton-phytoplankton grazing models we are developing, will shed light on
the grazing properties of our system.

The data on total phosphorus (TP} is interesting and quantitatively consis-
tent with results of phosphorus measurements in our microcosm studies previously
carried out in 700 % tanks (LBL-5965). 1In all tanks with excess phosphorus (E,F,G,
and H), TP left the water column at a steady rate until it reached a Tevel of 1.5 M.
The first order kinetic rate constant for this loss was 0.03, 0.02, 0.02 and
0.02 ¢ (r2 ~ (.9 in all cases) in E,F,G, and H, respectively. Previous experi-
ments (LBL-5965) suggest that this loss of TP can be mediated either by uptake and
sinking of phytoplankton or directly by periphyton uptake. In tanks with low levels
of P (A,B,C,D) the TP patterns were the same with minima on days 0,42, and 90.

These minima correspond to hlooms and probably reflect the sinking of grazed or
ungrazed phytoplankten.

The increase in NO3 + NO2 in the perturbed tanks reflects the oxidation of some
of the excess NHZ combined with net uptake due to biosynthesis by phytoplankton and
perhaps bacteria {Table 7A-1). One interesting result is that the magnitude of the
NO3 + N02 increase in tank E subsequent to the perturbation was considerably higher
than that in A or C. This is suprising in light of the considerably higher levels
of NO3 + NO2 that we suspect were removed from E in the form of algal growth. The
inhibition of nitrification in the phosphorus-limited perturbed systems (A and C)
as suggested by these phemomena may be related to the somewhat similar effects ob-

served in the KD experiment.

Dark bottle respiration measurements showed small differences between all the
systems (Table 7A-1). Net productivity measurements showed a large difference be-
tween G and H, where G was markedly more productive after the addition of NHZ,and
a relatively small percent difference between E and F. There were two bacterial
blooms which correspond to the first and third phytoplankton blooms which were
not significantly correlated to NHZ or dark respiration numbers.

In part, this may indicate that most bacterial action takes place on the bot-
tom or that our plate counts do not favor the autotrophic nitrifying bacteria.

In summary, the most important biotic changes were reflected in the IC and
zooplankton level changes (Table 7A-1); namely, in the perturbed tanks both the
IC and zooplankton Tevels were significantly lowered. The net productivity and
flourescence data show the expected results that biosynthesis was highest in the
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spiked tanks with nitrogen limitation and excess phosphorus since they can utilize
large amounts of nitrogen when it is present. Comparison with the phosphorus Tim-
ited tanks (A and C), shows that the set with more initial nitrogen {C) responded
more to the perturbation than the low nitrogen set (A). This reflects the fact
that there was more biological material in the set (C) at the beginning of the per-
turbation than the low nitrogen set {A}. In the phosphorus rich but nitrogen poor
tanks (G and H), the large increase in biosynthesis in G after the perturbation

was probably due mainly to the presence of utilizable nitrogen from the NHZ ad-
dition. In keeping with this picture, these systems (G & H) exhibited the largest
absolute and fractional changes. The smallest fracticnal increase in net produc-

tivity was observed in tanks with high initial leveis of nitrogen and phosphorus
(E and F). Because of the large amounts of biological materials in tanks E and F,
the absolute change in zooplankton and IC levels was large; however, the fraction-
al change in IC was not as large as in G & H. A1l these changes are well describ-
ed by our sensitivity indices (Table 7A-1) which represent fractional differences
in the tanks both before and after the perturbation.

7h-5



Table 7A - 1

SENSITIVITY VALUES

IC Zoo GC
Time Period I IT I 11 i I
Tanks
(A,B) .002 .187 .47 .89 .033 .070
(C,D) .006 .363 .49 .83 .025 .039
(E,F) .020 .256 .13 .84 .036 051
(G,H) 015 468 22 10 055 223
Fluor NO, + NO, NH,
Time Period I II I° I I T II
Tanks
(A,B) .149 .110 .20 .46 .070 1.0
{(C,b) .107 .148 .01 .33 .054 1.0
(E,F) .134 .116 .07 .29 .059 1.0
(G,H) 387 837 a4 44 045 1.0
Net Prod Dark Res. Bact.
Time Pericd I IT I 11 I 11
Tanks
(A,B) .36 .55 14 130 1.20 1.48
(C,D) .16 .43 .65 .21 .58 1.00
(E,Fy .08 .14 .10 1 .37 1.81
(G,H) 21 .86 21 35 70 92

Note: Sensitivity values for measured parameters during EPRI 1.
Time period 1 represents 60 days before perturbation while
time period II represents 60 days after perturbation.
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MEASUREMENT OF THE PREDICTIVE INDICATOR

Theoretical work has suggested that the response of decomposers to additions
of detritus may be related to the ability of an ecosystem to resist stress.

The spike used for the detrital additions was prepared from E. Coli grown
at 37°C in the following medium:

9/1
NaC1l 8
Dextrose 5
Tryptose 8
Peptone 8

Cells were harvested by centrifugation and adjusted with distilled water to 42 mM
organic carbon, ImM inorganic carbon. Analysis of the spike showed:

inorganic carbon 1 mM
organic carbon 42  mM
NH4 L4 mM
Total P4 4 mM
Phosphatase 0 mM

During the first week subsequent to the addition of the spike, the parameters
directly indicative of decomposition (ammeonia, dark respiration, and bacteria) gen-
erally showed a rise and subsequent fall in the spiked systems relative to the con-
trols, the only exception to this being the absence of a rise in ammonia in E-F.

Replication between pairs of supposedly identical aliquots (taken from A-B,
C-D, £-F, G-M) was generally quite good with the exceptions of zooplankton voiume
in all systems, dark respiration and bacteria in G-H, and organic carbon, bacteria,
and dark respiration in E-F.

Of the parameters characterizing secondary effects of detrital decomposition,
nitrate-nitrite levels showed a rise in the spiked E-F and G-H systems but not in
A-B or C-D (the phosphorus-limited systems). This result is indeed surprising,
given that the nitrogen-limited systems, in which we can deduce that the greatest
absolute amount of inorganic nitrogen uptake occurred in new algal growth,
also showed the highest nitrate-nitrite levels. This cannot be explained by dif-
ferences in induced ammonia levels; it may signify that the nitrifying bacteria
in A-B and C-D were phosphorus 1limited.

Organic carbon showed a rise, a fall, and subsequent rise in all spiked sys-
tems, relative to controls, due presumably to the addition of organic carbon in
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the spike, its subsequent decomposition, and the consequent increase in algal bio-
mass induced by the release nutrients. Zooplankton biomass differed between treat-
ment and control only in A where the spiked system had a significantly higher level

than the control.

The values of the KD indices for our measured decomposition parameters and
fluorescence are shown in table 7A-2. The greater the value of this index, the
greater the percent difference between the spiked and control systems. Ammonia,
which directly measures decomposition activity, shows E-F exhibiting the least
response and G-H the greatest. Llarge standard deviations between some of the rep-
Ticate pairs with respect to dark respiration make the similar ordering of this
measurement only suggestive. The largest bacterial response occurred in G-H.
Overall, the KD index for decomposition tends to suggest that G-H is the most
labile of the systems, while E-F is the least.
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Table 7A -
VALUES OF K

+ NOZ* Dark Resp.

g
A 12.0
B 13.7
c 8.8
D 13.8
£ -3.1
Foo-1.8
6 17.0
Ho 28.7

NOTE: Values of K

-1 .66
-1 .25
-.2 .34
1.6 .12
1.8 .24
5.0 1.23
8.0 .20

for the detrital spike experiment.

2

D

13.5
>30

>30

FTuorescence

4.4
3.7
10.4

*NH+ index calculated

by taking T~ <C > on day 3, where <C > is the ave&age over the first

three days.

<C >
3

*NO, + NO2 index is calculated by taking T - C on day 8.
C
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APPENDIX B
THE IRON PERTURBATION EXPERIMENT

One of the major metals appearing in the aqueous effluent from coal conversion
plants is Fe. In this experiment, the potential effects of high Fe discharge into
aquatic systems is explored with the use of 8 triplicated sets of aquatic microcosms.
In addition, the extent to which each treated set of microcasms responds to Fe dis-
charges is compared with the corresponding values of a hypothesized stability in-

dicator, KD'
RESULTS OF PERTURBATION

Methods

Each of 24 50-% tanks was filled with 23 £ of deionized H20 plus 23 £ from an
oligotrophic 700-% microcosm in our laboratory. The water from the 700-2 microcosm
had been given the usual nutrient enrichment and was screened through a 64-um net
before distribution among the tanks. Temperature was maintained at 19 % 1°C and

irradiance incident on the water surface at 63 = 2 umol m'2 5'1 PAR.

The tanks in each of the 8 triplicates (designated A,B,..... H) were enriched
with NaNO3 and NazHPO4 as follows:

L

|x=

B L

|m
Im
|G

N{ml 1™ ‘o o 11 10 10 1.1 1.1

P (umot 1°) 0o 0 1.1 22 22 22 22

On day 57, 31.5 mgn'} FeCl4 6H,0 was added to triplicates A,C,E,G, equivalent

to 0.12 miol 17" or 6.5 ng_I Fe{III).

The following parameters were monitored: inorganic carbon (IC}, organic carbon
(GC), pH, CO2 exchange in the 1ight (PL) and the dark (PD), NHy s NO3 + NOZ’ total
phosphorus (TP), and phytoplankton and zooplankton species and numbers.,

Results and Discussion

Carbon. IC values dropped precipitously in the systems with added Fe (Fig. 7B-1).

The general features of this decrease were similar in all cases, resulting in an
order-of-magnitude less IC in systems A,C,E,G. The reasons for this decrease are
clear. The added Fe (III} has a strong tendency to form compiexes with other ions;
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_3, and organic bases is well established, although

complex formation with OH™, PO4
the exact forms of the complexes may remain obscure in specific instances. The for-
mation, in particular, of iron-hydroxide complexes will lead to a decrease in OH
activity and a drop in pH, and indeed a change from approximately pH 7 to pH 4 was
observed in the systems to which Fe was added. The lower pH implies, in turn, a
Tower IC concentration in equilibrium with the atmosphere. In an ideal solution

at 2500, a change in pH from 7 to 4 does result in approximately an order-of-magni-

tude decrease in IC.

In all systems there was a buildup of 0C over the first 2 months ({Fig. 7B-2),
the levels reached reflecting the relative levels of initial N and P. Replication
within triplicate pairs, i.e., within A-B, C-D, E-F, and G-H, is good up to Day 57
when the Fe was added. After Day 57, the treated systems differ in 0C from their
respective controls, although there is no cbvious pattern in the way the treated
systems differ.

CO2 Exchange. The introducticn of FeC13 in to A,C,E,G resulted in an altered buf-
fering capacity that made it impossible to interpret the pH changes in terms of CO2

exchange.

thrien%s. In systems A,B,C,D, the TP Teveis varied around a low mean with no ob-
vious systematic pattern (Table 7B-1). Much of the variation may represent random
error, as we were working near the 1imits of sensitivity for the TP method used.
In E,F,G, and H, there was a gradual decay from the initial levels of 22 umo| 1-].
The addition of Fe to E and G on Day 57 resulted in drastic decreases in TP to lev-
els similar to those of A,B,C,D. The decrease represents the formation and precip-
itation of insoluble iron-phosphate complexes of the form Fex(HnPO4)43x'(3—n)4,
adsorption to the surfaces of other insoluble products, and precipitation of phos-

phorus-containing algal flocs,

Ammonia levels (Table 7B-2) remained on the order of 1 umol 1'] in all systems,
except for E following the Fe addition. The phytoplankton tevels attained highest
values in the pair E-F before the Fe addition,and the NH4 production undoubtedly
represents the decomposition of precipitating algae flocculated by the Fe.

Several difficulties were encountered with the hydrazine sulfate reduction
method for NO3 + N02,and we do not consider the data reliable enough to report for
this experiment. Interference of the reduction step by particulate matter appears

to be a major problem.
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Plankton. Algal communities were dominated by Cryptomonas and Ankistrodesmus. Other

taxa occasionally present included Scenedesmus, Gloeocystis, Synedra, and Oscilla-

toria. After the Fe addition, numerous small dark fiakes with an effective diam-
eter of ]02 um were present. Masses of detritus containing these flakes and de-
composing Cryptomonas were also observed. The numbers of small (<5 um d.) spher-
ical green algae increased significantly at this time. Ankistrodesmus was not as-
sociated with these flakes to the same extent as Cryptomonas. Perhaps the flagella

made it more susceptible to flocculation by these flakes, presumably some iron-hy-
droxy1-phosphate compliex.

Total phytoplankton volume decreased immediately after the Fe addition in A,
C,E,G (Fig. 7B-5}). In A and C, the decline was followed by a similar decline in the
respective controls, B and D (Fig. 7B-5). In all treated systems but E, phytoplank-
ton levels remained low for the duration of the experiment. The fact that the phy-
toplankton remained suppressed cannot be attributed to increased grazing pressure in
the treated systems, as both the rotifer and crustacean populations also were de-
stroyed by the Fe addition (Figs. 7B-6,7).

Sensitivity Indicators. The sensitivity of each parameter to Fe addition was quan-

tified by computing:

-1

S -
ST ==/ T -Cl/ <T+C>

for the periods prior to (i=1} and after (i=2) the spike, where T is the treatment
parameter value and C is the control parameter value. S;] represents the lack of
replication between paired triplicates before the spike, while S£1 also incorporates
the differences caused by Fe addition. Values for S{] and SE] are included in Table

78-3.
Conclusion
Addition of Fe to the aquatic microcosms has the following repercussions:
(i) decrease in IC due to the lower pH caused by iron-hydroxyl complexing and per-
cipitation;
(i1) a decrease in TP due to complex formation, adsorption, and particie flocculation

and sedimentation;

(ii1) a decrease in total algal volume due to flocculation and sedimentation, and a
change in community composition because of selective flocculation:

{iv}) a decrease in rotifer and crustacean populations.
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MEASUREMENT OF THE PREDICTIVE INDICATIOR

One method of quantifying the decomposer response is to measure the change in
respiratory gas exchange following a change in the amount of detrital substrate.
In this set of KD experiments, we examined the altered respiration rates arising
from additions of organic matter to aliquots of systems A through H. In addition,
we took a close Took at changes in phytoplankton and zooplankton in the aliquots
from E and F, primarily to determine if our experimental approach has further ap-
plication in understanding the mechanisms underlying planktonic systems.

Methods

From each triplicate system on Day 48, 4 liters of water (composed of equal
amounts from each triplicate) was removed and distributed between 2 2-liter beak-
ers. The beakers, designated Al, A2, Bl1, B2Z,..... L,H1, HZ were aerated and iTlumi-
nated in the same manner as the microcosms A through H. Opaque paper barriers pre-
vented 1ight from entering the beakers except through the top.

A stationary phase E. coli culture was harvested by centrifugation and auto-
claved. The autoclaved pellet was suspended in water to form a concentration of
281 mmo1l 11ter'] organic carbon (0C}. Portions of the suspension then were added
to the first of each pair of beakers (i.e., A1, BI,....HI) to cause an increase of
approximately 40% in the detrital carbon pool (Table 7B-4).

I¢ and OC were measured on Days 0-4 and 64 in all beakers. On the same days,
respiratory CO2 efflux was estimated from changes in pH over 4 h in opaqued 125-mI
reagent hottles. Phytoplankton and zooplankton were identified and enumerated micro-
scopically in E1, E2, F1, and F2.

The response of decomposer activity to detrital additions was estimated as:

Ky = (J{T - C)/ fC)/(aD/Do)

where T, C are respiration rates in enriched and control beakers, respectively. The
greater the effects of added detritus, the larger will be KD. A first-order rate
constant also was estimated for the decay in added OC over the 2 days following
the detrital addition.

Results and Discussion

Carbon. The IC data wereused in the estimation of gas exchange rates. The actual
in situ variation in IC is uninteresting, as we have no idea of the extent to which

aeration and ajir-water exchange affects this variation.
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A malfunctioning carbon analyzer Timited the collection of reliable 0C data to
the 4 days following the detrital spike. The general trend was a decrease in AY
(the difference between treatment and control OC concentrations) over the first two
days following the spike followed by an increase (Table 7B-5). This trend is con-
sistent with the hypothesis that mineralization of detritus dominated the initial
carbon transformations while phytoplankton photosynthesis dominated beginning on
the third day (cf. Figs. 7B-8,9).

Phytoplankton. Beginning 2 days after the spike, the treated systems (E1, F1)showed
enhanced phytoplankton increase rates over the respective controls (Figs. 7B-8,

9). The enhancement lasted for 5-7 days, after which the control and treatment
communities grew {E1, E2) or decreased (F1, F2) at the same rate.

The communities in both E and F were dominated by Cryptomonas, a biflagellated

cryptophyte, and Ankistrodesmus, a needle-like chiorophyte that often assumes an S-
shape and is a common inhabitant of aquaria. In all 4 beakers {E1, E2, F1, F2),

Ankistrodesmus was increasing while Cryptomonas was decreasing throughout the ex-

periment. In E1 and F1, both species exhibited a transient increase in growth rate
over contreol populations during days 2 through 7-9. After day 9, Oscillatoria, a
non-nitrogen-fixing blue-green filament,appeared in all 4 beakers, higher popula-
tions occurring in E1 and F1 with respect to controls (E2, F2).

The transient growth-stimulation in the spiked beakers represents either a
nutrient-enhanced reproduction rate or a decrease in zooplankton grazing pressure.
Because E and F are so high in N and P levels, the first mechanism is unlikely, al-
though it must be kept in mind that the introduction of the killed bacteria may
have resulted in growth stimulation by increasing concentrations of available trace
metals (directly or by increased chelating materials), vitamins, other growth fac-
tors, and organic substrates for heterotrophic growth.

Zooplankton. A transient stimulation of zooplankton increase rates also occurred

between days 2 and 7, after which zooplankton Tevels in the spiked beakers (Figs.
78-8,9) gradually returned to control levels. The only zooplankter present
was Cyclops vernalis, a cyclopoid copepod capable of predatory (as opposed to fil-

ter-) feeding in the later stages of its life cycle.

If the transient stimulation of zooplankton growth rates was due to the tran-
sient increase in phytoplankton growth rates, it would be difficult to explain why
the zooplankton in-E1 decrease after day 9 while the phytoplankton are still in-
creasing. More plausibly, the zooplankton were engaging in selective feeding on
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the added detritus and/or the bacterial population that was enhanced visibly (i.e.
as observed microscopically) by the added detritus. Grazing pressure on the algae
was relieved, allowing them to increase in the spiked bheakers.

Why do the zooplankton return so quickly to control levels? The nauplii pro-
duced during the period of transient stimulation may have been overgrazing their
bacterial-detrital food source, been too small to switch over to feeding on the
phytoplankton, and died. Alternatively, the adult copepods may have preyed on the
nauplii when the bacterial-detrital food source disappeared.

Why do the zooplankton decrease in E and increase in F after day 14?7 We have
no explanation, but it should be noted that the inverse correlation between phyto-
plankton and zooplankton after day 14 does support the notion that the phytoplankton
are responding to the zooplankton changes and not vice-versa.

Gas Exchange. 002 efflux (Table 7B-6) is subject to errors of at least + 0.2 umol
1'] h_], assuming that our pH measurements are accurate to within = 0.01 units. Er-
rors of this size imply that some of the estimates made for A and B may be off by a
factor of 2. Calculation of the parameter KD (TabTe 7B-6) leads to the following
ordering for KD for pairs of systems with identical initial nutrient conditions:
(E,F) < (C,D) =~ (G,H) < (A,B). A glance at the standard error for means of paired
systems ilTustrates that this ranking has only a Tow level of significance.

Predictive Value

A comparison of the KD values {Table 7B-6) with the sensitivity indices for
the various parameters measured in the Fe perturbation experiments (Table 7B-3)
shows that KD could not be used to order or predict the relative size of the effects
in the perturbed tanks. However, it should be noted that all four sets of KD values
were similar as were the perturbation effects in all four sets of tanks. Hence

K. had, in a very weak.sense, a correlation with the perturbation effects.
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Table 7B-1
TOTAL PHOSPHORUS LEVELS IN THE MICROCOSMS

Total Phosphorus

14
21
35
42
49
70
77
84

o
S ]

o O O
~J

{umo1 1_])

B C b B L
0. 0.2 0.3 22 22
0. 0.5 0.6 21 22
0. 0.5 1.2 25 26
0. 0.4 0.4 18 21
a. 0.3 0.3 14 17
0. 0.3 0.2 13 16

0.4 0.2 17 16
1. 0.5 1.1 0.7 10
1. 0.5 2.6 1.0 9.9
0. 0.5 0.3 0.6 9.3

78-7

22
21
22
20
15
14
16

0.8

0.2

22
22
23
19
18
16
15
10
12
8.0



Table 7B-2
AMMONIUM LEVELS IN THE MICROCOSMS

NH4
(umol 171y

Day. _A B L D £ F G H

0 2.6 2.1 1.4 1.8 1.8 1.8 0.9 1.6

7 4.1 2.6 2.5 2.4 2.8 2.8 3.0 z2.7
21 24 1.9 2.0 1.8 1.8 1.8 1.6 1.6
28 3.5 3.2 2.8 2.7 3.1 2.9 0.1 2.5
35 1.4 1.5 1.4 1.4 1.7 1.7 1.3 1.2
42 : 1.2 1.1 1.3 1.3 2.0 1.8 1.3 1.3
49 1.6 1.6 1.6 1.6 2.3 2.1 1.6 1.6
63 2.6 1.7 4.0 2.6 17 2.6 1.9 0.3
70 1.0 1.3 0.4 1.2 0.4 1.3 1.6 0.3
77 1.6 1.6 0.2 1.1 8.0 2.1 2.3 1.6
84 3.9 1.8 2.0 2.1 25 2.4 z 2.2
9 1.8 0.5 2.2 0.0 8.0 2.5 0.2 0.1
98 3.9 2.2 1.3 1.4 20 1.1 0.5 0.6
105 0.7 1.5 1.9 1.0 1.5 1.1 2.1 1.5
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Parameter

IC
0c
TP
NH4
Phytoplankton

Zooplankton
Rotifers

Crustaceans

Table 7B-3

SENSITIVITY INDICES FOR Fe PERTURBATION

-1

.06
71

.012
.049
.18
.028
.25

.27
7

1

.81

.32

[ep]
]
x>

.010
.095
.043
.14
.56

.42
.24

7B-9

.91
1.0

(e
]
o

.80
.14
.51
.20
.82

.89
1.0

1

.0

91
.98



Table 7B-4
DETRITAL ENRICHMENT”

Suspension

Initial 0OC added Expected OC Observed OC

Beaker {mmo1 1'1) (m1) (mmo1 1"]) (mmo1 1-1)
Al 0.21 1.2 G.29 0.30
Bl 0.24 1.4 0.34 0.34
C1 0.28 1.6 0.39 0.41
D1 0.27 1.5 0.38 0.42
El 1.07 6.7 1.54 1.49
F1 1.712 6.9 1.60 1.53
Gl 0.25 1.4 0.35 0.31
H1 0.25 1.4 0.35 0.35

Notes: Amount of OC derived from E.coli used to increase the
detrital substrate in the beakers. E.coli suspension was 281
mmol Titer-} GC.
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Table 7B-5
DECAY OF ORGANIC CARBON™

AY (mmol 1iter"1) on Days k
Beaker 51 54 55 56 57 d_]
A 0.00 0.12 0.08 0.05 0.07
0.36£0.12
B 0.01 0.12 0.12 0.07 0.13
C 0.00 0.14 0.10 0.07 0.05
0.33+20.04
D 0.01 0.20 0.12 0.11 0.12
E 0.05 0.55 0.32 0.08 0.37
" 1.5 £ 0.7
F 0.03 0.51 0.30 -0.06 0.25
G 0.00 0.13 0.09 0.06 0.14
0.35+0.06
H 0.00 0.13 0.09 0.07 0.09

Notes: *Decay of OC is treated with respect to control beakers.
AY is the difference in OC between treatment and control, and k
is the rate-constant for decrease in AY over Days 54-57.

tAssumed 0.01 for rate-constant calculations.
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Beaker

Al
A2
Bl
B2
c1
c2
D1
b2
El
E2
Fl
F2
Gl
G2
H1
H2

Notes:

Dark CO, efflux (mo1"] h-1) on Days

TABLE 7B-6

co, EFFLUX™

54 55 56 57 58 64 Ky
0.1 012 0092 1.2 0.37 0.76
-0.24  0.022 0.030 0.80 0.087 0.74
0.55+ (.20
-0.50 0.28 0.46 0.74  0.20 0.9
-0.32  0.059 0.30 0.35 0.11 0.76
0.80  0.46 0.76 1.2 0.37  0.62
0.51  0.12 1.1 0.95 0.44  0.55
0.33+0.05
0.38  0.28 1.2 0.76  0.24  0.59
0.24  0.030 0.72 0.87  0.23  0.5]
6.6 9.7 5.9 6.5 2.4 5.0
5.7 4.4 4.9 7 2.4 5.0
0.22+0.06
5.4 7.4 13 7.0 3.0 5.8
1 3.5 6.3 5.5 2.1 2.9
0.48 1.3 0.55 0.81 0.49 1.1
0.026 0.57 0.69 0.74  0.41 1.7
0.34+0.12
0.72 1.8 1.7 1.3 0.58 1.7
0.81  0.31 0.93 0.64 0.43 1.4

*Estimated pH changes and the value of the parameter Kp-

TNegative numbers may represent chemolithotrophy.
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Figure 7B-1
INORGANIC CARBON

0.75 =T 1 Y
—— TREATMENT A-B C-D
0.60}— =====- CONTROL o L 0
SPIKE
0.45

0.30

®)
A
o

o

pmol IC liter )
o
~
(6)]
—

0.60 = —

0.45

-
-"—
-

0.30

0.15

l ITI 1 I

1
O 20 40 60 80 1001200 20 40 60 80 100 120
Day

78-13



-1

7 mol OC liter

Figure 7B-2

ORGANIC CARBON

0.5

0.4

f I I

— TREATMENT
..... CONTROL
SPIKE

I I
A-B

05

0.4/

I I | j

C-D

0.50

0.25

0.2

01

0

60 80 100

120 0

Day

7B-14

20 40 60 80

100

120



Figure 7B-3
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Figure 7B-4
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Figure 78-7
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Figure 7B-8
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APPENDIX C
THE PHENOL PERTURBATION EXPERIMENT
RESULTS OF PERTURBATION

Except for initiation procedure, this experiment was similar in design to the
first two perturbation experiments. It was initiated by adding to each tank a 10
liter inoculum, taken from an already existing 700 liter system, along with 40 17-
ters of nutrient and mineral enriched deionized water. In previous experiments, a
25 liter inoculum was used. Following initiation, the phytoplankton and zooplankton
increased in all tanks. Rotifers were the first zooplankton to increase markedly,
and their growth paralleled the first rise in phytoplankton, which in most cases was
Chlorella. On day 60, one half of the tanks (A,C,E, and G) were perturbed by the
addition of 0.5 ppm phenol. The experiment was then run another 56 days and was
terminated on day 112. In all tanks, except E and F, the phytoplankton and zoo-
plankton volumes reached their measured maximum values after the perturbation {(Table
7C-1). These maxima occurred on different days for different systems.

The dominant phytoplankton in our systems were Chlorella, Ankistrodesmus, and

Anabaena. In the low nitrogen tanks {A,B) and (G.H), Chlorella and Anabaena, the

latter of which has nitrogen fixing capabilities, were the principal species. In
the moderate nitrogen and high nitrogen tanks (C,D) and (E,F), Chlorella and Ankis-

trodesmus were the most abundant species. Also present for brief pericds were dino-
flagelletes, euglencids, and the green alga Gloeocystis. In terms of volume, clado-

ceranswere the dominant zooplankton; however, rotifers, copepods, and ostracods also
appeared in significant numbers at various times {see Table 7C-2).

It was noted that the total phytoplankton volumes in tanks (C,D) differed sig-
nificantly both before and after the perturbation. This was due to the presence of

high levels of Ankistrodesmus in C as compared to D throughout the experiment. Be-

cause of this early non-replicability, we will not include the pair of tanks {C,D)
in most of the following discussion.

The largest differences between perturbed and unperturbed tanks were in zoo-
plankton volumes (Table 7C-2). The cladocerans in all the unperturbed tanks, includ-
ing D, exhibited significant blooms, while the perturbed tanks, including C, did
not. In other words, the cladocerans in the perturbed tanks were suppressed relative
to the unperturbed tanks. Similarly, the copepods were suppressed in A and E. The
rotifers and ostracods were not significantly different in the perturbed and unper-
turbed systems. OQur sensitivity indices can be used to quantitatively describe the
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fractional or percentage differences between the perturbed and unperturbed tanks
after the perturbation. For zooplankton volume, we can rank in decreasing magnitude
these percentage differences between the pairs of tanks as {G,H) 2'(E,F) > (C,b)>

(A,B) (see Table 7C-3 for sensitivity indices). In terms of absolute numbers {both
peak as well as time averaged values) highest total zooplankton volumes were obtained
in the unperturbed high phosphorus tanks. In terms of descending magnitudes of
total zooplankton volumes, we can rank the unperturbed tanks as F = H > D > B,

In the low nitrogen tanks (A,B), (G,H) after the perturbation, the total phy-
toplankton volumes (peak and time averaged) were greater in the unperturbed systems
(B and H) than the perturbed ones (A and G), and were dominated by Anabaena (Fig.
7C-1). In the Tow nitrogen and low phosphorus systems (A,B), ther was a signifi-
cant Anabaena bloom in the unperturbed system B and none in the perturbed system A;
in addition, during this bloom, there were low and approximately equal volumes of
zooplankton in both systems. In the low nitrogen and high phosphorus systems (G,

H), in addition to increased levels of Anabaena, the unperturbed system H, during

this time, had higher zooplankton levels and most 1ikely experienced somewhat greater
grazing pressure than its perturbed sister system G (Fig. 7C-2) (Anabaena, reportedly,
is not effectively grazed by zooplankton and may not reflect grazing pressure). In
both sets of low nitrogen systems, we see that the volume of Anabaena was greater

in the unperturbed systems as compared to the perturbed ones, even when there was

some grazing pressure in the unperturbed system. Thus, our data suggest that phenol
depresses the growth of Anabaena as well as cladocerans (Table 7C-3).

In the high nitrogen and high phosphorus systems (E,F), the total phytoplank-
ton volume reached its maximum in both systems before the perturbation. After the
perturbation, the time averaged total phytoplankton volume was greater in the per-
turbed systems (E) than in the unperturbed system (F).

In terms of the fractional or percentage differences in the total phytoplankton
volumes between perturbed and unperturbed systems, we can rank the systems in de-
creasing magnitude of these percentage differences using the sensitivity indices as
{A,B) > {(G,H) > (E,F). This ordering of the magnitude of these differences for
phytoplankton was the same as was obtained in the spike experiment, where the spiked
systems exhibited phytoplankton growth relative to the unspiked systems.
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The IC, 0C, and CO2 evolution data were all unremarkable in this experiment.

Conclusions

1)

2)

Phenol suppressed cladoceransin all tanks and copepods in tanks A
and E.

After the perturbation in the Tow nitrogen systems, the total phy-
toplankton volume (time averaged and peak) was greater in the un-
perturbed tanks (B and H} as compared to the perturbed tanks (A and
G). In the high nitrogen and high phosphorus tanks, the phyto-
plankton were greater in the perturbed tank (E).

Phenol suppressed Anabaena in A and G.

Care needs to be taken that initiation procedures replicate biota
between desired replicate systems.
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Table 7C-1

MAXIMUM VALUES FOR TOTAL PHYTOPLANKTON AND ZOOPLANKTON
VOLUME AND DAY OF OCCURRENCE

PHYTOPLANKTON

Tank VYolume {x 10° */1) Day
A .8 63

B 2.4 77

C 3.7 84

D 1.0 63

E 1.6 56-63
F 2.0 49

G ) 77

H 6 63

ZOOPLANKTON

Tank Volume (x 10° */1) Day
A 1.4 112

B 2.45 98

C 1.4 98-105
D 3.7 63

E 3.0 84
P 8.0 63

G 2.1 105

H 6.9 77

7C-4



Table 7C-2
AVERAGE ZOOPLANKTON VOLUMES (x 10% */1)*

BEFORE PERTURBATION

Tanks Rotifera Copepoda Cladocera Ostracoda
A 4.4 3.3 14 --

B 1.6 2.1 43 .

C 6.1 4.5 291 1.1

D 10.4 30.7 232 --

E 3.5 8.0 69 --

F 13.3 23.0 377 2.2

G 3.9 2.3 78 1.2

H 3.8 5.1 101 .7

AFTER PERTURBATION

A 6.2 ) 643 2.4
B 3.3 23.4 1030 14.1
c .7 14.6 1044 13.7
D .6 161.0 1635 15.5
E .6 64.0 973 27.4
F .2 396.0 3161 13.3
G .2 39.0 718 10.4
H . 70.0 3136 18.5

*The averages in this table were calculated by performing an integration
over time of the data, while in Table 7C-1 the data points were arithmet-
ically averaged. This accounts for any apparent discrepancies.
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Table 7C-3
SENSITIVITY INDICES

Before

After

Before

After

Before

After

Before

After

Before

After

After

.22

.26

12

.18
.09

.36
.42

.16

Zooplankton Volumes

(C.D)

.03

.51

Phytoplankton Volumes

.34

.97

ﬁﬂ4 Volumes

.22

.10

yga + NO, Volumes

.16

.03

Rotifera Volumes

.57
.06

Total Phosphorus

.32

(E,F)
6
.86

.25
.43

.39
.25

.18

L5

.08

.26

(G,H)
.03

1.06

A7
.57

.21
.70

.07

.10

.05

.56
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Table 7C-3

SENSITIVITY INDICES {cont.)

Before

After

Before

After

Before

After

(A,B)

1.6

.08

A7

1.5

Copepoda Volumes

(C.D)
.24
1.6

CTadocera Volumes

.02
.31

Ostracoda Volumes

.07
.92

(E,F)

1.

.06

.12

.97

.09
.01

(G,H)
.07
.68

.14
1.13

.70
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MEASUREMENT OF THE PREDICTIVE INDICATCR

Detrital spike experiments were carried out on day 60 in a manner similar to
those carried out in earlier experiments. From these experiments, KD values were
calculated using phytoplankton and zooplankton data. For each set of aliquots com-
ing from a given pair of tanks, say A and B, we note the largest percentage change
induced by the detrital enrichment, using the sensitivity indices.* We then use
this value of the sensitivity index for our value of KD. In Table 7C-5, the KD
values obtained from phytopTankton and zooplankton are given.

In Table 7C-6, we rank in descending order the pairs of tanks according to
their Kp values or.in other words,in terms of the percentage (fractional) changes
induced in the indicator experiment.

Table 7C-5
KD VALUES FOR PHYTOPLANKTON AND ZOOPLANKTON

Tanks Ky (from Phytoplankton}
(A,B) .5
(C,D) .5
(E,F) .36
(G,H) .47

{(from Zooplankton)

(A,B) .59
(c,D) .38
(E,F) .35
(G,H) .82

*We used the form of sensitivity index, in which the denominator is < T+C >0
rather than that of KD, in which the denomipator is SC, because the systems °
were in a bloom phase:
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Table 7C-6

TANK PAIRS RANKED BY DECREASING SIZE OF PERCENTAGE CHANGES (K

)
INDUCED IN THE INDICATOR EXPERIMENTS D

PHYTOPLANKTON

(CD,AB)
(G.H)
(E,F)

ZOOPLANKTON
(G,H)
(A.B)
(C,D)
(E,F)

In Tabie 7C-7, we rank the pairs of perturbed and unperturbed tanks from the
Phenol Experiment, according to descending order, the percentage (fractional) dif-
ferences between perturbed and unperturbed systems. Here we exclude tanks (C,D)
from cur consideration, because of non-replication.

Table 7C-7

TANK PAIRS RANKED BY DECREASING SIZE OF PERCENTAGE CHANGES
(USING SENSITIVITY INDICES}

PHYTOPLANKTON ZOOPLANKTON
{A,B) {G,H)
(G,H) (E,F)
(E,F) (A,B)
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From comparison of Table 7C-6 with 7C-7 we see that the values of KD obtained
using the detrital experiments, phytoplankton data rank various sets of tanks in
the same order as the sensitivity indices rank the fractional changes between the
perturbed and unperturbed systems in the perturbation experiments. This seems sig-
nificant because the induced changes in the phytoplankion in the detrital experi-
ments were all increases, whereas there were both increases and decreases observed

in the perturbation experiments.

Except for the fact that the percentage changes in zooplankton volumes were
greatest in (G,H), for both the perturbation and the indicator experiments the
zooplankton data from the indicator experiments were not of useful predictive value.

The NHz data was not useful for comparison with the phenol perturbation experiments.

Taken as a whole, the indicator experiment suggested the correct ordering of
the phytoplankton changes in the perturbation experiment, but not the zooplankton

changes.

7C-10



Figure 7C-1
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Figure 7C-2
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Appendix D
EFFECTS OF DETRITAL ENRICHMENT

The hypothetical stability indicator, Ky = (f(T-C}/SC)/{AD/D.), derived from
theoretical studies, would be particularly simple if the response term, [{T-C)/{C,
had a direct linear relationship to the change in detritus, AD. In that case, KD
would be a constant, independent of the size of the detailed addition. The purpose
of the following experiment we performed was to determine whether this relationship
is exact, i.e., whether the measured value of KD is independent of the detrital in-

crease used in its experimental determination.
METHOD

Four duplicate pairs of 4 liter beakers were filled with well-mixed samples of
microcosm water derived from the twelve control tanks used in the phenol perturba-
tion experiment. The beakers were maintained as described for the indicator exper-
iments in Appendices I, II, III. The system's organic carbon was measured and
found to be 0.43 mM.and a preparation of simulated detritus, also described in the
preceding appendices, was added in varying amounts to three of the four pairs, as
follows:

Table 1

Addition of Detritus

uMoC %

added increase
1A,1B 0 0
2A,2B 117.5 27
3A,3B 235.0 54
4A,4B 470.0 109

Dark and light CO2 changes, organic carbon, NO3 + NOZ’ and NH4 levels were
measured daily for the first week following addition of the detrital preparation
and then irregularly for another two weeks.

RESULTS

The values of f(T-C)/SC were calculated for the interval day 0 to each day
measurements were taken and were found to vary with time. The greatest dark res-
piration responses were observed during the first two days, and the greatest light
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productivity responses were observed on the last measurement day. The data from the
NH4+ + and NO3 oy NO2 * measurements after day 7 are questionable because signifi-
cant turbidity interfered with the assays after this point. Values of [(T-C)/fC

are presented in Table 2 for the period 0-7 and 0-18 days.

Table 2
Effects of Detrital Enrichment on ST-C/SC

percent increase in detritus

27% 54% 109%

0-7 15 25 35
oc

0-18 33 37 62

-7 14 19 65
DK RESP

0-18 1G 10 3

0-7 235 287 395
Lt Prod

0-18 276 401 488

In Table 3, maximum values of NHZ produced are presented.
Table 3

Maximum Values for NHZ (occurred on day 2)

0% 27% 54% 109%

NHE

a (uM(N)) } 1.1 7.2 24.5

In general, the results suggest nonlinearly increasing dependence of the direct
response terms (DK PROD and NH4+) to the size of the detrital addition.

These results are surprising and interesting. Further experimental analyses

will be required to confirm and clarify the nonlinear relations observed here and

to assess their significance to nutrient cycling, stability, and response to per-
turbation. Mathematical models customarily used to describe bacterial decomposition
of detritus do not lead to the type of nonlinear behavior suggested here. We point
out here that these results from an admittedly preliminary study do underscore the
potential usefulness of microcosms for identifying interesting mechanisms and phe-
nomena.
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APPENDIX E
PROBLEMS OF SCALE™*
INTRODUCTION

A central methodological problem in aquatic microcosm research concerns the
question of realism: To what extent are the biological phenomena which are observed
in laboratory microcosms either representative of or similar to phenomena observed
in natural systems; or when is a microcosm an adequate model for a large ecosystem?
[t is essential that this question be answered, because of the increasingly impor-
tant role that microcosm research will play in the assessment of the transport and
ultimate effects of toxic chemicals released to the environment.

The response of a microcosm to the addition of a toxic substance must resemble
the response of the natural system of interest. It is not enough to demand that the
microcosm display a trophic structure similar to the natural system. A similarity
in magnitude of the underlying biological and chemical components and the rates of
transformation of these components is also required. Consequently, microcosms
should be designed so that processes are not too distorted and extraneous effects
are minimized. The relatively small size of laboratory microcosms makes some dis-
tortion of properties inevitable since it is not possible to scale down to labora-
tory size many natural physical and biological processes. In some cases this dis-
tortion may be acceptable (e.g., the relative lack of spatial heterogeneity in mi-
crocosms is an asset insofar as it decreases the sampling necessary to characterize
the system). Other problems of size may be more severe and may pose serious obsta-
cles to the usefulness of microcosms. Three serious size related constraints en-
countered in microcosm research are: (i) the shallow depth of most laboratory mi-
crocosms; (ii) the difficulty of including higher trophic levels, such as fish, in
small microcosms, without severe distortion of nutrient cycles; and (iii) the dom-
inance of chemical and biological activity occurringon the sides and bottom of mi-
crocosms, due to the relatively high surface to volume ratio of the container. This
report examines these constraints and provides possible methods for resolving some

of their disadvantageous effects.

*The following was presented as a paper by M. Dudzik at The Symposium "Role of
Microcosms in Ecological Research" Aug. 23, 1977, Michigan State University.
It is to be published in the International Journal of Environmental Studies.
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PROBLEMS OF SCALE
Depth

Unless one is attempting to simulate a shallow pond ecosystem, the relatively
shallow depth of most laboratory microcosms will introduce unavoidable problems of
scale. Zooplankton behavioral responses will be altered, due to the restriction of
the range for vertical migration. Vertical irradiance changes will be smaller than
in most natural systems, and may affect the growth rates of phytoplankton. In
addition, losses of phytoplankton from the water column due to sinking will be
increased due to reduced depth. Most of these effects are difficult to include in
a model of microcosm dynamics. Increased phytoplankton sinking rates, for example,
imply more than increased quantities of phytoplankton Tying on the bottom of the
microcosm; it also increases the rate that nutrients are recycled to the water
column, leading to effects which are difficult to model, and these rates determine
the rate that nutrients are recycled to the water column.
Higher Trophic Levels

Another problem of scale concerns the difficulty of including such macrofauna

as fish, snails, and larger crustacea in microcosms. If the microcosms are too
small, the disproportionate consumption and excretion of carbon and nitrogen com-
pounds by the macrofauna leads to a significant alteration of nutrient levels and
of the nutrient cycle itself. In extreme cases, the larger animals may overgraze
the food supply and consequently starve. A few simple calculations will serve to
make the point. Consider a small mosquitofish of 1 g wet weight. It may be esti-
mated that a fish of this size will excrete at 20°C. 0.25 mmol C per day, and 0.5
mmol N per day, primarily in the form of NHZ(4). In a 20 1 system, thase daily
amounts correspond to concentrations of carban and nitrogen, respectively, of 12.5
M and 2.5 uM, both significant fractions of the typical values for these quantities
in most lakes. It is likely that in a microcosm of that size, the fish could not
sustain feeding rates high enough to live and would s1ow1y'starve. In Targer
systems, the problem does not appear to be quite so severe, the amounts of carbon
and nitrogen excreted by 1 g of fish in a single day being equivalent to concen-
trations of 0.25 uM and 0.05 uM respectively in a 1000 1 microcosm. However, in a
study of microcosm trophic structure, a 700 1 microcosm with 3 g of fish biomass
displayed a fish to zooplankton biomass ratio higher than would be expected in a
natural situation (5). Abnormally high ratios of particulate organic

carbon to dissolved organic
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carbon and of carbon to chlorophyll a were also observed, while the corresponding
ratios in a control microcosm without fish were within the range commonly observed
in large lakes.

For other macrofauna the arguments are similar, and care must be excercised
when adding any macroscopic organisms to be sure that the microcosm can accommodate
the organisms without significant distortion of those properties of interest.

Side and Bottom Effects

The final major scaling problem is the large ratio of side and bottom surface
area to the volume of the microcosm. A biological or chemical process which depends
on a solid substrate may exert a disproportionate influence on the dynamics of a
small microcosm. This is explained more precisely by considering the dynamics of
a chemical substance of concentration x in a cylindrical microcosm of radius r and
depth z. Assuming that the substance is being transformed in the water column and
has a flux to or from the sides and bottom, we may write the conservation equation:

(1) (wrlz) & - (Trrzz)CV v (2rrz)d + (mrl)d

b
where:
CV is the net production rate of x per unit volume
Jb is the net flow rate to the bottom per unit area

JS is the net flow rate to the sides per unit area

Dividing both sides of Eq. 1 by (rzzx) we obtain:
1 dx _ 1 12 11
@) @ xS xvrdstxz %

[t is seen that the second and third terms depend upon the dimensions of the
container while the first does not. For natural systems z is typically 10 - 100 m,
r is 100 - 104m, so that even in large laboratory microcosms (z, r = 1 m), we might

expect size related terms up to 104 times as large as in many natural systems.

If one is interested in nutrient cycles or energy flow, or the parititioning
of a toxic substance among the different trophic levels, the activity on the con-
tainer surfaces cannot be ignored. It may prove extremely difficult to interpret
the behavior of a microcosm if the influence of the sides or bottom is large. For
exampie, the effect of sediments on the overlying water is not simply accounted for
by the relative increase in bottom area. In many lakes stratification of the water
column serves to isolate the benthos from the epilimnion, reducing the effect of
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the benthos throughout much of the year. Although it is not difficult to create a
thermocline ina small microcosm, such attempts suffer from scaling problems (e.g.,
achieving realistic mixing rates, and the highly illuminated benthos and hypolim-
nion that would result).

Population dynamics are also affected by problems of scale. There is the sam-
pling problem of finding a species in a part of the microcosm that is not its pre-
ferred habitat, such as algae sloughing off the sides into the water column or nor-
mally side-grazing zooplankton in the center of the microcosm. Some species may
occupy several "zones" and have several, possibly distinct food scurces. Interpre-
tation of population fluctuations in these species may require complicated consid-
erations of food supply. One of the primary advantages of microcosms, the relative
lack of complicating spatial heterogenity, is weakened by biological activity on
the sides or bottom.

The growth of periphyton on the sides of microcosms is the most important of
the side related effects. In past experiments some degree of side growth became
established 40-50 days after inoculation (2). The appearance of such per-
iphyton can have a marked effect on the cycling of nutrients. In one experiment
(1), chlorophyll a densities of 60 mg m_2 were observed on the sides after 84 days.
This density represented an amount of chlorophyll a on the sides more than 10 times
higher than the total amgunt found in the plankton.

Attempts at biological control of periphyton growth have been largely unsuc-
cessful. Snails {Physa sp.) and South American catfish (Plecostomus sp.)
were added to 700 1 microcosms in an attempt to keep periphyton levels low by graz-
ing {2). Plecostomus were the most successful at reducing the growth, but the dif-
ficulties mentioned above about fish must apply. Even so, the addition of Plecusto-
mus caused & shift from unicellular to filamentous forms of periphyton, which were
not eaten. The catfish were successful in maintaining complete absence of periphy-
ton growth only in one microcosm with low levels of nutrients. The snails were less
effective initially, but they grew in size until they were able to exert a notic-
able effect on the periphyton. They then reproduced rapidly, and there was soon
high mortality resulting from the lack of food due to overgrazing. Control of per-
iphyton by macroscopic herbivores is impractical because of the disproportionate
size of the herbivores, and because the much faster reproductive rate of periphyton
allows it to quickly outstrip its grazer when conditions favor its growth.
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Mechanical means of control may be more successful. Scraping the sides of
tanks regularly may prevent periphyton growth, but this is a tedious procedure when
done on many microcosms, and an automated means may be necessary. Even if this
method of control is attempted, it will have to be done with great precision. A
close-packed layer of cells only 1 um in thickness on the walls of a microcosm 1 m
3 3, about the
same as the volume density of phytoplankton found in a mesotrophic lake (6). Other

in diameter and 1 m deep, will have a volume equivalent to 4 em” m
methods of control may be necessary, such as transferring the microcosms to new con-
tainers at regular intervals. This method has the additional advantage of allowing
the simulation of algae sinking out of the epilimnion. The water column could be
decanted into a new containew Tetting the settled algae and detritus remain.

The above considerations of scaling imply that microcosms can be expected to
give realistic quantitative information only during those times when the first term
in Eq. 2 dominates the second and third terms. This is usually the case during the
period of intense production or decomposition such as occurs during and immediately
following a phytoplankton bloom.

IMPORTANCE OF STUDYING BLOOMS

During the first 40 or 50 days after microcosm initiation, most chemical and
biological activity takes place in the water column, rather than on the sides or
the bottom (5,6). As described elsewhere, this activity resembles a spring bloom
and subsequent decomposition of the produced material. Referring to Eq. 2, this
means that for chemical or biological guantities, the first term is large and the
second and third terms small. After this 50 day period, much of the biological
activity shifts to the sides and bottom. Thus, microcosms with no side treatment
progress from planktonic systems to littoral-benthic systems during the course of
their development. Once established,side growth and bottom activity can exert large
effects on the rates of transformation of chemicals in the water column. Hence,
it is our belief that the most fruitful period to study aquatic microcosms is dur-
ing the first month or two, i.e., during that period of activity analogous to the
spring bloom in many natural systems, and not that period when side growth and bot-
tom decomposition dominate the metabolism of the microcosm. This is in contrast
with the widely held view (7) that the time to study microcosms 1is long after their
inoculation - when they have passed from an "immature" to a "mature" state.
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It is possible that the behavior of an aguatic microcosm during the spring
bloom may be strongly connected to its behavior throughout the rest of the year.
An indication of this connection may be seen in a model by Cushing of zooplankton-
phytoplankton dynamics (8). The model was first proposed for temperate marine
waters and then extended to polar and tropical marine waters. While this is not
an adequate model for lakes, a brief discussion will help to point out the possible
jmportance of studying bloom phenomena. In Cushing's model, temperature differences
affect the delay time between the spring phytoplankton increases and the onset of
effective grazing by zooplankton. In polar areas, after the phytoplankton bloom
begins, there is a relatively long delay before zooplankton rise to levels suffi-
ciently high to graze down the phytoplankton. Because of the Tong delay, phytop-
‘lankton rise to levels relatively higher than in temperate or tropical areas. The
efficiency of conversion of primary to secondary production is low because much of
the production takes place during the bloom, when grazing is low; thus, the percent-
age lost to sinking is high. By the time the zooplankton die, low temperature and
1ight Tevels have ended the growing season, and no fall bloom can occur. In con-
trast to polar oceans is the seasonal cycle found in tropical oceans, in which the
temperature is relatively high, leading to shortened delay times for zooplankton
reproduction. As a consequence, the phytoplankton is grazed down before it reaches
a high level, and the maximum zocplankton level is lower than in temperate or polar
regions. The efficiency of conversion from primary to secondary production is high-
er because more primary production takes place when zooplankton levels are high, and
a large percentage is grazed.

A simple phenomenon, the temperature dependence of zoopiankton reproductive
rates and delay times before reproduction, can change the entire seasonal behavior
of an aquatic ecosystem. The effects of this and other similar phenomena can be
investigated in and for microcosms as well. Other quantities, such as the initial
numbers of zooplankton present at the time of inoculation may serve to affect the
Tong term behavior of a microcosm in very marked ways., determining whether a sys-
tem will become grazing limited or nutrient limited. An aquatic microcosm, just
like a naturally occurring aquatic ecosystem, is a dynamic system which undergces
strong oscillations, the nature of which may depend in detail upon the nature of
zooplankton-phytoplankton-nutrient interactions as well as upon the initial condi-
tions of the microcosm.
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APPENDIX F
WHAT MINIMUM SIZE MICROCOSM IS NEEDED TO ACCOMMODATE A FISH?

To answer this guestion, two points have to be stated clearly. The first is
the criteria which are used to determine minimum acceptable size. The second is
the purpose for having fish in a microcosm. Below, we will Tist possible criteria
and estimate what minimum size is suggested by each. We will then discuss, quali-
tatively, how the estimated lower bounds should be interpreted depending upon the
planned use of the microcosm with fish. We conclude with a brief note about the
use of shad in microcosms.

We cannot overemphasize that in referring to natural systems for background
data cn fish, one is hampered by a paucity of reliable measurements. In particular,
the utilization or flow-through rate of carbon through the fish community is poorly
determined, and total fish biomass informaticon in natural lakes is scarce. These
numbers are important since they reflect the fish community's impact on the nutrient
through-put of the system.

CRITERIA

Criterion 1. Survival of the Fish

Survival depends upon a number of factors, most important of which is adequate
oxygen and adequate food supply. Even in our relatively small (50 liters) systems,
oxygen supply is generally not a problem. Ours are lightly aerated, but that is
done primarily to provide mixing and to avoid having to sample waters from a hetero-
geneous system. But if fish food is not provided externally, and thus the fish is
to survive solely on food provided by primary and secondary production within the
system, then microcosm size is a relevant factor. We have found that 50 liter sys-
tems, varying from oligotrophic to mesotraophic conditions, could not support a
single 1 gram Gambusia (mosquito fish) for more than a few weeks, after which they
died of apparent starvation. On the other hand, 700 liter microcosms supported five
1 gram Gambusia for five continuous months. We have no data on survival for longer
periods. During that 5-month period the Gambusia appeared to increase in length
at roughly normal rates. On the basis of survival, 50 liters is inadequate for a
single 1 gram fish; 700 liters is adequate. However, an important caveat is nec-
essary here. Side growth, rather than pelagic productivity, may have been respon-
sible for the fish being able to survive. In microcosms without this side growth,
700 1iters might be too small to support such a fish population. But survival is
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clearly not the sole condition for acceptability. It is also important that the
survival of the fish not be at the expense of a distortion of other properties of
the system. OQOur next three criteria reflect this consideration.

Criterion 2. Ratio of Fish Biomass to Lower Trophic Level Biomass

In order that the presence of the fish in the microcosm not represent an un-
duly large influence on the rest of the system, one possible réstriction might be
that the trophic pyramid resemble that of natural systems. More precisely: The
ratio of fish biomass to either phytoplankton or zooplankton biomass should not be
significantly larger than the corresponding ratios in natural systems of interest.
The phytoplankton and zooplankton biomass in both lakes and microcosms varies tre-
mendously during the seasonal cycle. Fish biomass tends to be more constant. MWe
will use the average biomass throughout the cycle for our comparisons. Typical con-
centrations of phytoplankton vary from one lake to another and from one microcosm
to another depending upons among other factors, available nutrients and the extent
of grazing pressures. In our microcosms with fish (two 1 gram Gambusia}, phytoplank-
ton concentrations averaged about 3.5 mg (wet weight)/liter, typical of phytoplank-
ton concentrations in mesotrophic natural lakes. This then corresponds, in a 700
Titer system, to about 2.5 g (wet weight) phytoplankton biomass. In that instance,
with two 1 gram fish, the microcosm had a fish to phytoplankton biomass ratio of
4/5. Qur fish to zooplankton biomass ratios were larger by about a factor of two.

In comparison, in natural lakes, fish to phytoplankton or fish to zooplankton
biomass ratics are rarely this close to unity. Typical values rarely exceed 1/10
for either ratio and are often no Targer than 1/100 for fish to phytoplankton.
Based on these considerations, we estimate that an abselute minimum size microcosm
to contain one 1 gram fish would be somewhere in the neighborhood of 10 m3. Other-
wise, studies would have to be confined to highly eutrophic systems.

Criterion 3. Nutrient Flow Needed to Support the Fish

[f a fish is placed in a microcosm in which its presence is a potentially over-
bearing influence, two possibilities can arise. The fish may develop normally but
consume a far Targer share of primary or secondary production than would be charac-
teristic of a natural system, or the fish may not receive adequate food supply and
then either die or 1ive under stress and not grow at normal rates. MWhile it is dif-
ficult to predict in advance whether the fish will obtain its food supply at the
expense of distorting nutrient cycles or whether it will starve, some simple con-

siderations allow us to deduce conditions under which it is likely that one or the
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other possibility will arise.

First we cansider the case of a fish which is not in its growth phase and is

utilizing a fraction of the carbon through-put commensurate with what it would con-
sume in a natural system. In a variety of natural systems the percent of primary
productivity ultimately utilized by the fish community is in the range .06% to 1%.
The 1% number comes from a study of Dalnee Lake (9),and we are somewhat leery of
this large number because it does not represent an annual average for the lake, but
a 3-month mid-summer period. By way of contrast, a very careful study of Lake Erken
yielded a value of .06% for this ratio (10}. Other more general trophic studies have
yielded numbers on the order of .1% (11,12). We want to stress that the paucity of
data from natural systems makes these estimates very rough, and so we will use the
range of .1% to 1% in making our calculations. Consider now an idealized 1 gm (wet
weight) fish added to a microcosm with an average pelagic primary productivity of
.01 mmo1 (C)/1/day. This number can vary by a factor of 5 in either direction, but
it represents a rough average for a mesotrophic system and is typical both for our
microcosms as well as natural lakes. Such a fish would require ~ .1 mmol (C)/day
for metabolism and maintenance (13,14). If we do not require that the fish exhibit
a normal growth rate, then under the above conditions, a 1000 liter microtosm would
enable a ratio of fish utilization of C to total primary productivity = 1% to be
obtained. A 104 liter microcosm would be needed to establish a ratio of .1%.

In order to study the uptake of toxic substances and/or their effects, it is
important that the fish exhibit their normal growth rates, particularly as young
rapidly growing fish are often the most severely affected by toxins. We consider
an idealized young rapidly growing fish of 1 gm (wet wefght)--equivalent to 4 mmol
(C) which utilizes 20% of its assimilation for growth {13,14,15). It is to be placed
in a microcosm with an average primary productivity of .01 mmol (C}/1/day. We take
the optimal case, where the fish can assimilate 1% of the primary productivity, which
implies that it uses .2% of the primary productivity for growth. If we place the
above fish in a 1000 1 microcosm, it will grow at a rate of .02 mmol (C)/1/day; or,
in other words, it will have a doubling time of 200 days. Both our data as well es
other data suggest that a more realistic doubling time is ~ 25 days, so that we see
that growth-related phenomena would be severely distorted in & 1000 1 purely pelagic
microcosm. In order to obtain a doubling time of 25 days., an 8 M3 microcosm would
be needed,
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Criterion 4. Effect of the Presence of Fish on Ambient Chemical and Physical
Conditions

A possible effect which could arise in a microcosm which is too small for its
fish population is that certain chemical and physical properties of the system will
be distorted relative to what they would be in a natural lake. In our studies with
700 Titer systems (5), we found that two such properties differed considerably be-
tween microcosms with and without fish. Moreover, these properties resembled those
of natural lakes when the fish were absent from the microcosm and differed from
those of natural lakes when the fish were present in the microcosm. One of these
is the ratio of dissolved organic carbon {DOC) to particulate organic carbon (POC)
in the water column. In our 700 liter systems without fish and in many natural
lakes, this ratio is typically about 10/1(16). 1In other microcosms with two 1 gram
fish, the DOC/POC ratio was about 3/1. The second property was the chl a/phyto-
plankten carbon ratio, which was abnormally low {17) in our systems with fish. While
we are able to advance plausible explanations for these observations (5), we cannot
predict the minimum size of a microcosm which would be necessary to avoid these ab-

normal conditions.
DISCUSSION

From two perspectives (criteria 2 and 3 above) a lower bound on the size of a
freshwater microcosm supporting a single 1 gram growing fish is 10-20 m3. To sup-
port a larger fish or to support more fish, the minimum microcosm size would have
to be proportionally larger. A fish can survive in an order of magnitude smaller
system for periods of at least 5 months, but to do so the fish, if it is in its
growth phase, must either suffer starvation stress or exert an unnaturally
large influence on the trophic flow in the system. A crucial
ingredient in our estimates is the fraction of phytoplankton productivity in a
natural lake which is utilized by the fish in that lake. Further experimental de-
termination of that fraction for a variety of lakes would be most useful in obtain-
ing better estimates of acceptable microcosm size. If the experimental goal is
to study fish response to a pellutant or other stress, the complications arising
from food stress could seriously affect the validity of any deductions drawn from
the data. In particular, synergies could enhance the apparent sensitivity of the
fish to external perturbation. If the fish is not starving, but is consuming
an abnormally high proportion of primary or secondary productivity, any experiments
concerned with concentration in fish of toxic materials, such as pesticides or heavy
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metals, may fail to give realistic results. If the experimental goal is to study
components of the system other than fish, then the abnormal influence of the fish
on other components could again destroy the possibility of interpreting the data

in a manner that would provide results valid for natural systems. We see no way

in which the addition of an external supply of fish food could avoid these problems
without creating others of an even more difficult nature. We are therefore confi-

dent that a minimum microcosm volume of about 10 m3/gram of fish represents a prac-
tical Tower bound.

A Note on Shad in Microcosms

The use of shad or any members of the herring-shad-alewife group (Clupeiformes)
in microcosms presents difficulties. The gizzard shad {Dorosoma cepedianum), for

example, is a phyteplankton feeder, straining food from the water by means of gill
rakers. In terms of trophic function, its presence in the microcosm thus would not
fulfill the purpose of providing a carnivorous trophic Tevel, nor would it serve any
purpose different from that of herbivorous zooplankton. If the purpose of their in-
clusion is not to provide trophic diversity, but rather to allow fish impact studies
under controlled conditions, then problems still arise. Adult D. cepedianum would
probably be too big for any laboratory microcosm (adults attain a foot in Tength),
while the juveniles, which would rapidly attain more than a gram in weight, would
require a microcosm greater than 10 m3. Moreover, all herring-l1ike fishes swim
continually, even while not feeding, and would most probably require larger micro-
cosms with a continual supply of mixing water for a proper feeding environment than
expected from the above considerations.
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