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ABSTRACT

Aquatic microcosms consisting of various combinations of physical
components (soil, water, and container surface) and biological components

(Physa heterostropha, Najas flexilis, and Elodes canadensis) were used to

determine the effect of increased biotic complexity on mineral cycling
parsmetaers. The stability of mineral cycling parameters was tested by
stressing selected complexity levels with sublethal and lethsl doses of
fast neutron radiation.

Replicate microcosms were prepared for each experiment and eguili-
brated in a controlled envirommental chamber which was maintained at 16 ¢,
75 ft-~c 1light intensity on a 12 hour light-dark cycle. One nicrocurie
each of 7~ 'Cs and 6000 was added to the wabter component of esch microcosm
and changes in compartmental activity were determined by sacrificing
replicate microcosms at fixed time intervals with subsequent radiometric
analysis.,

Inter-compartmental transfer rates varied among complexity levels.

137

.
The transfer rate of 6JCD from the water and that o Cs to the soil

increased with increased complexity, while for other compartments no such

13705

linear relationship was observed. The flux patterns for mest micro-

. . 60
cosm compartments were similar among complexity levels,bubt the ~ Co flux

patterns of most compartments were dependent on the complexity level.

of 1370

The pattern 5 distribution among microcosm compartments was

independent of complexity and was one of flow tlrough non~soil compart-~
ments with rapid accumwlation in the soil. 1In contrast to 13703 patterns,

the 6000 pathway patterns depended on complexity level with accumulation

s
S
e
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of " Co in non-gsoil compartments in simpler microcosms and flow of 6000

through non-soil compartments to the soil in complex microcosms.
Microcosm compconents assumed different mineral cycling roles based

on changes in cyecling parameters with increased complexity. Generally,

137 60

these roles were different for Cs and Co and among complexity levels
for each radionuclide.

Radiation stress affected 6OCo cycling but no radiation effect on
13705 cycling was observed. The radiation effect on 6OCo cyeling was
dependent on the complexity level and, in general, radiation stress de-
creased the cycling rate of 6000.

Generalizations from this study were that 1) cycling parameters for
different elements were dissimilar in less complex systems but converged
toward similarity as complexity increased; 2) microcosm components had
one or more mineral cycling roles, scme of which changed with complexity
levels; 3) increased functional complexity had the greatest effect on
mineral cycling, although an increase in unifunctional gpecies modified
the mineral cycling parameters; 4) ecosystem stability was related to the
sensitivity of the biological interactions and not necessarily to the
sensitivity of the organisms; and 5) on the basis of mineral cycling para-
meters, the simpler microcosms were less gtable than the complex ones
when subjected to a moderate radiation stress (sublethal dose), but more
stable thsn complex systems when subjected to an extreme stress (lethal
dose).

The use of microcosms as ecological research units provides a means
of performing experiments which would be difficult or impractical to con-

duct in nature, but the results are subject to the eriticisms that they



may not be representative of a naturally occurring ecosystem. However,
if certain microcosm designs can be shown to accurately reflect an eco-

system, then microcosms can be used to test the effect of unusual environ-

mental stresses and hypotheses about ecosystem behavior.
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I. INTRODUCTION

Studies of the ecological effects of lonizing radiation have been
performed on individusls, populations and communities. At the level of
the individual, radiatlon studies of aguatic and terrestrial organisms
have emphasized morphological abnormalities (Gunkel and Sparrow, 1961;
Witherspoon and Taylor, 1G66) and effects on various stages of life cycles
(Willard, 1965; Ravera, 1967; Heaslip, 1959; Bonham and Welander, 1963;
and Witherspoon, 1967). At the population level, radiation studies have
stressed lethality (Sparrow, 19643 Witherspoon, 19653 Palumbo, 1951),
changes in population characteristizs (Marshall, 1963) and population
interactions after radiation treatment (Blaylock, 1968; McCormick, 1963).
Radiation effects at the community level have been documented in terms of

Y,

roductivity (Woodwell and Miller, 1963; and Beyers, 1965), changes in
P N 3 33 ¥ 5 D)3

>

community structure (Woodwell and Sparrow, 1963; Daniels, 1963; McCormick
and Platt, 1962), and most recently in terms of community funciion

dwell and Dyk 1966
(Woodwell and Dykeman, 1966).

Rate of minerel cycling is a parameter which has received little
attention as an index of radiation stress in ecosystems. Brown and
i = 65 1
Taylor (1965) reported long term decreasged Zn uptake by red ocak seed-
lings after exposure to acute doses of fast neutrons. Barber and Neary

. . . , 86,

(1958) reported increased short term uptake of non-exchangeable  Rb
by Chlorells after X~irradiastion and a decreased concentration if radio-
nuclide uptake occurred during irradiation. Such changes in mineral up-
take rates and concentration of an alement in a specles couwld be important

with respect to maiotenance of an ecosystem. Tn complex ecosystems,

where many of the species are coupled in & mineral cycling pattern, a



N

stress having a significant effect on mineral relations of one biotie
corponent may disrupt the pattern of cycling among all components related
to it.

The objectives of this study were to investigate the uptake and move-
ment of radio-~cobalt and ~cesium in increasingly complex ecosystems and to
determine the effects of acute, fast neutron radiation on the flux of
these radionuclides in the system.

An aquatic microcosm consisting of two plants, Elodea canadensis and

Najas flexilis; the snaill, Physa heterostropha; and three physical com-

ponents, soil, water, and the container surface, was selected as an appro-
priate experimental unit. Experiments were performed with tagged micro-
cosms contalning selected combinations of organisms, some combinations

receiving acute doses of radiation (Table 1). Thus, microcosm complexity

levels (biotic composition) and fast neutron radiation were treatments.
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IT. MATERTALS AND METHODS

Microcosm Components

The plants used in these experiments, Elodea canadensis and Najas

flexilis, were collected from Clear Creek, Norris, Tennessee. These spe-
cies were introduced intc three 60 gallon tanks, which were maintained in
a greenhouse in flowing water. Collections of both species were made at

4 month intervals and added (o the culture tank in order to keep an abun-

dant supply of plaunt material.

The snail, Physa heterostropha, which occurs with E. canadengis and

i=

. flexilis in Clear Creek, was to be collected from Clear Creek, but suf-

N

ficient numbers of this snail were not available thera. Physa heterostro-

pha were available in numbers at a spring located 0.5 miles north of the
Oak Ridge reservabion in Roane County, Tennessee and all snails were col-
lected from this spring. The snalls were not cultured, but were collected
prior to each experiment.

The soil used for the microcosmsg was Huntington silt loam obtained
from the south shore of Watts Bar Lake at Clinch River Mile 13.5 1a Roane
County, Tennessee. X-ray diffraction analysis of the clays showed that
they were primarily micaceous with some kaolinitic material. The pH of
a soil-water microcosm was 7.8 which agreed closely with the acidity (7.7)

of the stream bed of Clear Creek.

Physical Microcosm and Experiment Preparation

A microcosm unit was designed so that replicate microcosms could be
sacrificed for each sampling period. The micorcosm consisted of a one
guart, wide mouth jar, lined with a one quart polyethylene freezer bag and

provided with a top having an air inlet and outlet.



Replicate microcosms were a2stablished 5 days before the beginning of

experiment. Forty grams of alr dry soil were added to each microcosm,
followed by 600 ml of spring water. The microcosms were sealed and un-
dizturbed for twe days.

Biclogical components used in a glven experiment were collected five
days pricr to an experiment. Plants showing good apical growth were har-
vested from the culture tanks and cub Lo an average length of O cm. Five
individuals of a given species were added to each replicate microcosm.
When both plant species were present, 5 individuals of each species were
placed in a microcosm. When snalls were present, three individuals of
Physa were placed in each microcosm. The biological components wers added
1o the microcosms three days before an experiment began.

The 54 replicate microcosms were placed randomly in a growth chamber
maintained at 16 ¢, 75 ft-e light intensity on a 12 hour dark-light cycle
Tor each experiment. Aeration was provided for sach microcosm. The

microcosms were allowed to remain in the growth chamber for three days,

. .., 60 1:
fher which they were tagged with — Co and 37@3 as described below.

Tagging and Sampling in Microcosms

.

60
Stock solubions of 5Zp0 and ~Co were prepared and mixed Lo provide

. . 137., 0., . i . 60

s microcurle esach of 37ua and  Co o in a 2 ml aliguet. The ratio of ~Co
lé? . N gt . R

to Os in the tsg solution always approximated 1.

The total radicactivity for each experiment was determined experi-
mentally by tagging replicate micrccosms with the stock solublon to be
uged for that experiment. Three replicate microcosms; contalaing only
600 ml of water were preparsd and each bagged with 2 ml of the mixed stock

aolution., Two wminutes after tagging, a 5 ml aliquot was removed from the

water. Total activities were determined in this way for each experiment
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in order to allecw for slight deviations due to changes in syringes, vari-
ations in volume measurements of water, and sub-sampling error.

Replicate microcosms were tagged on a delayed time sequence. Six
microcosms representing a given sampling period were tagged in pairs,
the time interval between pairs being approximately 15 minutes. This de-
sign allowed time for sampling a pailr of micorcosms such that the time
elapsed between tagging and sampling was the same for all microcosms sacri-
ficed at a given sample period.

The tagging procedure consisted of drawing 2 ml of stock OCO“13YCS
gsolution into a syringe and emptying the syringe into the water of each

microcosm via the alr outlet. Even pressure was applied to the syringe to

avoid splashing the isotope solution onto the sides of the container. The

4

syringe was dirscted to the center of the microcosms for delivery.

The microcosms were sacrificed on an exponential time series of o
hr, where = 1,2,...,9. This time series was selected because the iso~
topes were distributed rapidly in the microcosms.

Miecrocosms were removed from the growth chamber at the specified
sampling times and carvied to the laboratory. Eupty quart Jars were placed
in the vacant positions 1n order to minimize changes in the physical geoc-
metry of the growhth chambers. In the laboratory, the water was sampled by
transferring a 5 ml aliquot from the center of the microcosm water column
to a 25 x 150 mm counting tube. Plants were removed from the microcosms
with forceps and rinsed three times in water and soil was washed from the
roots. The plants were drained of excess water and then placed in counting
tubes containing 1 ml of 10% formaldehyde. Snails were removed from the
microcosms with forceps and rinsed in the tagged water to rewmove loose soil

particles from the shell and foot. They were then placed in a clinieal



sterilizer and parboiled for several minutesz, after which the body and
shell were esaslily separated with forceps or a needle probe, Snail bodies
were placed in a counting tube containing 1 ml of 10% formaldehyde and
shells were placed in asnother counting tube. Scil was removed from the
polyvethylene container and then the contalner was washed in water to re-

move loose partlcles. After bletting dry, the container was folded and

placed in a counbting tube.

Counting Procedures

A Packard, model 314 EX, dusl channel zpectrometer, having a 3" WNal
(T1) well crystal, was used for activity determinations. Labelled samples
were placed in 25 x 150 mm counting tubes so that the height of the seamples
wase less than 1" from the base of the counting tuba. One channel of the
spectrometer was seb to a fuvll secale of 1 Mev with the window width adjust-
ed from 613 to 713 Mev, which ineluded the photopeak for %793 counting.

60 A .
The Co channel was adjusted to 2 Mev full scale with a window width of
1.07 to 1.43 Mev.

The background activity of all microcosm components was monitored
and compared to background counits of an empty counting tube. None of the
vackground counts excesded the background counts of the glass counting
she latter were used for background counts in roubine counts.
After exposure Lo neubron radiabion, all microcosm components showed some
achivation, which resulted in an increase in the background count. Cor-
rections were made for this additicnal activity. or the counting was de-
of the activation preoducts.

Counting times for the various milcrcocosm samples varied from 5 to

30 minutes. Whenever possible, 50,000 counts were accumulated for each



sample. However, it was not always possible to accumulate this many

counts and in the cagse of the water samples as few as 5000 counts would

be registered in either the cesium or cobalt channel for a 30 minute count.
A significant counting problem occurred from the use of a dual tag

because of contributions of 6OCo counts to the 13705 channel. Differen-~

P -
tial uptake and retention of OOCO and l3rCs in both plant species resulted

in up to 65% of the total cobalt occurring in plants with cesium repre-

Ve -
senting only .5% of the total cesium. When the ratio of OOCo to lB(Cs

was this large, accurate determination of cesium activity was not possible.

50
The effect of ~ Co activity levels on the activity determination of

137

. . . . 13

Cs was tested experimentally. Various dilutions of J7Cs were prepared

. . 60
and counted, and .1 uCi of Co was added to each dilution. They were
then recounted on the dusl channel spectrometer and on a Packard multi-
channel analyzer, which corrects for dead time. The counting results from
the multi-channel analyzer were processed through a statistical program,
RESAP, which solved for the activity of several isotopes. The comparison

4

- . 13 . 60
sivity estimates of 37Cs in the presence of Co to the absolute

137

Cs that was present (Table 2) showed that both analyses were

1374

amount of
equally poor in detecting the absoclute amount of s present when the
ratio of cobalt to absolute cesium exceeded 10 to 1. Based on these re-
sults, the cesium levels in plants were allowed to go to zero when the
cobalt activity increased. It 1s reasonable to assume that at least 1%

of the total 13705 remained in the plant, but it is not possible to docu-

ment this assumption.

Neutron Radiation Facility

The Health Physics Research Reactor (HPRR) at Oak Ridge served as a

source of fission fast neutrons for these experiments. The reactor



- re
Table Z. leCs Assay in the Presence of OOCO

7
Absolute 137Cs 13705 activity in presence of OOCo
(uCi) (% of sbsolute +37Cs)

Single Channel Dual Channel Multichannel
.118L 98.7 102.8
L0594 100.7 105.9
L0149 104.9 109.6
L0014 227.5 199.5
.0006 362.5 345.2

.000L 1849.0 2200.0
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facility, described by Lundin (1962), is capable of delivering chronic or
acute doses. The average spectral energy (fig. 1) is 1 Mev with 2% of the
neutrons having energies between 1 Kev and 0.75 Mev, 38.5% between 0.75
and 1.5, 15.6% between 1.5 and 2.5, and 21.5% less than 2.5 Mev. Slow

and thermal neutrons comprise the remaining 0.6% of the spectrum. The
reactor delivers a mixed neutron-gamma dose, with a neutron/gamma ratio

of O between 1 and 3 m from the core.

Microcosms were transgported to the HPRR facility and arranged in a
semicircle approximately 1 m above the concrete floor and 2 m from the
reactor, which was coperated at 1.7 m above the ground. Doses were de-
livered acutely, no more than 10 minutes being required for any reactor
run. Calculations of doses and exposure distances were determined by the
HPRR personuel (Johnson and Poston, 1966). 1In a semicircle arrangement,
and at the distances stated above the dose actually received willl vary
+ 10% from the measured dose. Doses of 100, L0O, and 1000 rads were
specified for various experiments and actual measurements of dose de-
livered varied within 10% of the specified dose. In these experiments,
the acute dose will be referred to as 100, 400, or 1CO0 rads.

Distribution of dose within microcosms was determined with Phylatron
fast neutron microdosimeters which were placed at various vertical and

horizontal positions in a soil-water microcosm.

Material Balance

The use of closed microcosms permits the assumption of total radio-
nuclide recovery by sampling, allowing variation in initial tagging,
counting, and sub-sampling. The use of this assumption would expedite
calculation of one of the compartments by simply subtracting the sum of

activities of all the other compartments from the initial activity.
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Figure 1. Fast neutron spectrum from the Health Physics Research
Reactor.

N{E) is the fraction of neutrons at any given energy.



The assumption of total recovery of radionuclide is not valid unless
it 1s demonstrated experimentally. The assumption of total recovery was
considered valid for these studies based on a material balance of 137Cs
calculated for four replicate microcosms having water, soil and a con-
tainer as components (Table 3). The initial activity of 1.25 + .046
microcuries was based on measurements taken from 4 samples of 600 ml of

4 137

water, each supplied with 1 ml of a standar Cs stoek solution. Basging
percent recovery on the mean inoculum, the range of percent recovery was
+ W%s the average recovery agreeing with the average 1lncculum. In this
particular study it appeared feasible to assume that total recovery of the

spike was possible and on this basis the subtraction method was used to

determine the activity in the soil for the later experiments.

Radiosensitivity Assay

The effect of radiation on whole plants was measured by observing
change in dry welght or length of plants. Dry welght was determine
after drying the samples at 100 C for 24 hours and then cooling them in a
dessicator for another 24 hour period. Elogation of plants was taken as
an index of growth. Individual plants were measured to the nearest 0.05
cm with a caliper. Measurements were made to the tip of the growing apex
with the plant axis fully extended such that curvature did not effect the
measurement of total elongation.

Mortality of snails was measured by determining the number of dead
snails in each microcosm. In many cases, the bodies of the snails were
separated from the shell. Tt was observed that some snail bodies remained
in the shell even though dead. These individuals were determined by soray-

ing a jet of water between the rebracted foot and shell. If the snail was



Table 3. 13‘Cs Budget for Four Microcosms

microcosm microcosm uCi/component tobal activity initial drecovery difference
component activity

1 soil 0.1818
water 0.,9288 1.2021 1.25 96.17
conhainer 0,0915

2 301l 0.2032
watar 1.008C 1.2455 1.25 99.64
container 0.034k

3 soil 0.1770
water 1.0332 1.2452 1.25 99.62
container 0.035C

H soil C.31L6
water 0.9600 1.3015 1.25 Ch.12
container C.0289

composite -——- —— 1.2588 1.25 95,89

ET
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dead the body was easily pushed out of the shell by the water pressure
developing behind it. If the snail was alive, it was difficult to direct
the water behind the foot and even then, the body was not pushed out of

the shell.

Statistical Procedures

Count determinations for each microcosm compartment were converted
to picocuries. These activity determinations were transformed to compart-
mental percent of total radionuclide for each replicate microcosm. This
conversion makes comparisons among experiments independent of differences
among initilel councentrations of radionuclides used in each experiment.

The average percent radlonuclide for each compartment was then calculated
from six repnlicate observatlions for each of 9 sampling periods.

Uptake curves were compared with respect to the maximum and end-
point guantities of the radionuclides. The final, or end-point, observa-
tions were made at 912 hours although the graphs appearing in later sec-
tions have a time scale extended to 255 hours or to an observation period
beyond which no activity could be detected. Comparisons of final con-
centrations were made with the dalta cobtained at 512 hours which usually
differed by less than 5% from that at 256 hours.

A one-way analysis of variance was used to make point comparisons.
The treatments for a given comparison consisted of the different types
of microcosms with a common compartment., The compartmental percent radio-
nuclide concentration was compared among treatments for a specified sam-

pling period. If the F statistic indicated differences among treatments

at the .05 level, then a Duancan's multiple range test (Duncan, 1955),
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AN

hereafter referred to as Duncan's test, was used to compare the nesn
radionuclide content among Ltreatments.

Net wpltake or loss rates of a compartment of interest were compared
ameng breatments. Many of the wplake curves showed a rapid dnitisl uptake
followed by a much slower period of uptake. In each cass, the use of
uptake rate refers to the initial, rapid, upteke either o the maximum
concentration or to within 10% of the final observed concentration.

The rate determinations for a compartment were made by least squares

determinations. The equation, Y

i

a + b ln X, gave the best it to this
data as determined by comparing the correlation coefficients of several
exponential models. Regression coeflficients were compared by an analysis
of homogeneity (Steel and Torey, 1960) and if the F statistic indicated
significant differences among the treaitments ab the .05 level, the regreg-
gion coefficients were then analyrzed by a multiple range test.

Duncan's test was used for the multiple comparison of regression co-

2

efficients. The error mean square, s y.¥x, appropriate for the comparison
of treatments, t, was defined as the ratio of the sum of the residual sums

PR

of squares, % (Zy
i=]
2 .
freedom, & (nqu)g The standard error of the mean, iy Was defined as
i=l

]

N

) >
- (Xxiyi)L/sz), to the appropriate sum of degrees of

fode

the square root of the ratio of the variance to », \égy;x/r, where r was
the mmber of observations used to determine the regression coefficientg.
The procedure for an unequal Duncan's test (Kramer, 1956) was used when

the r values were not equal among treatments.



ITT. RESULTS AND DISCUSSION

Dosimetry in the Microcosms

The dose delivered to the surface of a microcosm was not representa-
tive of the dose through a microcosm, The dose through a microcosm de-
creased with distance from the surface of the microcosm toward the
radiation source as a result of the water-neutron interaction.

Dose measurements at several points inside and outside the micro-
cosm were made relative to the surface dose and expressed as percent of
the surface dose (Fig. 2). The glass attenuated only 5% of the dose, where-

o

as 4 cm of water attenuated approximstely one~half the surface dose, the re-

maining &4 cm of water attenuated the docse to one-fourth of the surface dose.
As the positions of the crganisms in the microcosms were not speci-

fied, a given organism could recelve a relatively high or low dose com-

pared to the incident dose. Since it was desirable to separate the

effects of different dose treatments, doses were chosen which did not

have overlapping ranges. Thus, while the effect of an absolute dose can-

not ve stated, 1t is possible to compare the effects of the two dose

ranges represented by an incident surface dose of 1000 and 100 rads.

Dose Calculations in the Microcosi

Organisms in the microcosms were subject to exposure from three
possible radiation sources: 1) an internal dose from absorbed radio-
cesium and ~cobalt, 2) an external dose resulting from radio-cesium or
-cobalt in the surrounding media, and 3) a neutron dose which was an
experimental variable. The acute neutron dose was measured, but the
internal and external chronlc dose due to the radionueclides had to be

calculated. Such calculations may be quite accurate where precilse

16
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Figure 2. Relative faat neubron dose distribubion through a
microcosn.

The blackened symbols show the distribution of dosimeters and

the numbers express the dose as a percentage of the incident dose.



18

information on the distribution of nueclide, the biological half-life, and
the geometry of the tissue are available (Hine and Brownell, 1956). How-
ever, certaln assumptions aboub radionuclide distribution, geometry, and
half life, which simplify dose calculations, yet provide reasonable dose
estimates, can be made. Here it was assumed that radionuclides were uni-
formly distributed in the tissue, that maximum activity concentrations
were counstant, and that geometry of tissues approximated either a cylinder
or a sphere. Calculations based on these assumptions probably lead to
overestimates of absorbed dose and are intended to provide only an upper
estimate of the dose absorbed by an organism.

137

The greatest concentration of either Cs or 6OCD in the water was
taken as 1.833 X lO—3 pC/ml, The following equation was used to calculate
the gamma-ray dose rate from the medium (Hine snd Brownell, 1956):
R = 1073 cola /hr (1)

where C is concentration of nuclide in pc/ml, p is the tissue density in
g/ce, T is the gamma dose rate constant of the radionuclide in cm2~r/mc~hr
and gp is a geometrical factor for a cylinder 11 cm high and 4.3 cm radius.

The geometrical factor, gp, was calculated by the following equation
(Hine and Brownell, 1965):

&, = 2n(z ln(l+§§)+2rtan—l(%)~p(zV22+r2 ~22+r2(1n(z+vg51r2 -ln r)))) (2)
where z is the height of the water cylinder measured as 11 em, r is the
radius measured as 4.3 cm, and yu is the absorption coefficient for soft
tigsue 0.03.

The beta dose rate from the medla was calculated by the following
equation (Hine and Brownell, 1956):
R = 51.2 EBCf rad/day (3)

where EB is the average beta energy of the nuclide, C is the radionuclide
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concentration in pe/ml and f is the fraction of energy absorbed in a cylin-
der of 4.3 cm radius. This fraction is given for cylinders and spheres
by Daugherty (1962).

Elodea was chosen to represent the plants because the greatest con-
centrstion of either radio-cesium or ~cobalt occurred in Elcdea. The

. 137
concentration of j(C

60

s for wet Elodea tissue was 0.00363 uCi/gm and for
Co 0.0796% uCi/gm. The internal gamma dose rate was calculated by

equaticn (1), vasing a spherical model where the average geometrical factor

o

» Tor a radius of 0.332 cm was 3. The internal beta dose rate was cal-~

culated by equation (3), where for a cylinder of .0664 cm, f is .75 for

7 ey
COCO and .23 for lJ(Cs.
. . 137 . -
The highest concenbtration of SZCS for wet Physa tissue was 0.039857

pc/gm» The internal gamms dose rabe was calceulated by eguation (1) using

o,

2

equation (2), height being 1.35 cm and radimm .25 cm. The intesrznal beta

e cylindrical medel in which the geometrical factor, g , was evaluated by

dogse rate was caleulated by equation (3), where for a cylinder of diameter
S5 om £ is .97 for 6OC0 and .78 for 13705,

Gamma dose rate calculations were converted from r/hr to rad/hr using
a conversion factor of .99 (N.B.S. Handboock No. 88). The dose rates were

then converted to total dese for 512 hours (Table 4).

Complexity and Radlonuclide Flux in Compartments

Water Compartment -~ The 6000 Tlux pattern of the water compartment
(Fig. R2a) was similar among complexity treatwents. There was an initial
period of rapid loss which was completed by 32 or 64 hours. This was
followed by a period of slower loss which lasted from 32 to 256 hours.
The water compartment of all treatments reached or closely approsached a

steady state content of 6000 by 256 hours.



Table

L,

Integrated Beta and Gamma Dose {Rads) Absorbed by

Flodes and Physa in a Microcosm

beta gamma, beta gamma beta total total
from internal interral internal internal beta~gamma beta-gamma
media  to to Physa to $o to

Elodes Flodea Physa Filodea Physa
1882 L1549 6.1256 3.4777 12.0511 6.6457 15.8940
604 L0018 0.2466 7.0377 19.3109 1.4150 27.5152
6486 L1567 6.3722 10.5154 31.3620 8.0607 43,4092

0¢
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Figure 3. Relationship between complexity and compartmental 6OC0
dynamics.

Complexity levels represent combinations of microccsm components:

A = physical components only

B = Physa and physical components

C = Najas and physical components

D = Flodea and physical components

E = Physa, Najas, and physical components

F = Najas, Elodea and physical components

G = Physa, Najas, Elodea and physical components
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The loss rate of 6000 from the water compartment varied among com-
plexity treatments, but there were no statistical differences (Table 5).
The results do suggest that treatments consisting of Elodea and other com-
ponents effect a more rapid 6OCo loss from the water than the remaining
treatments. The apparent effect of Eklodea of increasing the losgs rate of
60

Co from the water may result from the fact that the surface area of

Elodea was seven times greater than that of Najas. Physa alone or com-

bined with Najas had no effect on the loss rate. However, when Physa

occurred with Najas and Elodea the most rapid loss rate of 6OC0 from the

water compartment was obtained. This suggested that there was an inter-

action between Elodea and Physa, as Physa combined with Najas had no

bined with Najas did not produce as rapid a loss rate., These data sug-
gested a trend of increased loss rate with increased surface area and
possibly a trend of increased loss rate with complexity as exemplified

by the Physa-Najas-Elodea interaction.

The 60Co content of the water compartments at 512 hours was compared
among complexity treatments (Table 6). Nejas alone, the physical micro-
cosm, and Physa alone formed a set of treatments which left the greatest
amount of 6000 in the water compartment. The plants alone and in combilna-
tion formed a nonsignificant set which left more 6000 in the water compart-
ment than the final nonsignificant range consisting of snail-plant(s)
treatments.

These data showed a trend of decreased 6000 content of the water com-
partment with increased complexity. Physa alone and Najas alone did not
reduce the OCo content of the water compartment any more than the physi-

cal microcosm. FElodea alone and Najas-Elodea decreased the 6000 content




Table 5. Duncan's Comparison of 60@0 Loss Rates From the Water
Compartment Among Complexity Levels

Value of p* 2 3 k 5 6 7

rp.05 2.919 3.066 3.160 3.226 3.276 3.315

Ry 0.0127 0.0134 ©.0138 0.0L41 0.0143 0.01L465
Treatment physical physical physical physical physical physical physical

Physa Physa Physa
Najas Najas Hajas Najas
Elodes Ficodea Elodes

Mean(beta) -20.07 -21.37 -21.71 -21.72 -23.18 -24.55 -26.29
Statistical
Significance

*

v represents the number of means included in the ranked comparisons.



Table 6.

Duncan's Comparison of
Compartment at 512 Hours Among

ol
—

omplexity Levels

Co in the Water

Value of p

3 4 5 6 f
rp.05 2.873 3.02C 3.116 3.185 3.237 3.278
Rp 0.81 1.03 1.07 1.09 1.10 1.12
Treatment physical physical physical physical physical physical physical
Physe Physa Physa
Najas Najas Najas Najes
Elodea Flodea Flodea
Mean (%) 1.58 1.69 2.66 2.80 3.59 3.96 L.27
Statistical

Significance

he



of the water which reflected the difference in surface area between the
plants. The snail-plant(s) combinations further reduced the 6000 content
of the water compartment and this suggested an interaction between the
plants and snail. That such an interacticn existed was evidenced by the
fact that the combined surface area of Elodea and Najas did not reduce the
6000 content of the water as low as the snail-plant(s) combinations and
that Physa alone did not reduce the 6000 content as compared with the
physical microcosm,

The pattern of 1370s flux in the water compartment (Fig. La) was
similar among complexity treatments. A period of rapid loss lasbed to
32 hours and was followed by a period of slower loss to 256 hours. Among
all treatments the water compartment had reached or clogely approachsd a
steady state l37Cs content by 256 hours.

The loss rate of 13703 from the water compartment differed among
treatments. A compariscn of these rates (Table 7) showed that all com-
plexity treatments containing Physs formed o nonsignificant set with loss

rates significantiy more rapid than all other treatments. The treatments

of Physa-Najas~Blodea and Elodea alone formed a nonsignificant sub-set
with the loss rates significantly higher than those of the remaining
treatments. Finally, the treatment of ¥liodesa alone formed a non-
significant range with all treatments having a slower loss rate. These
data showed that the presence of Physa aignificently increased the loss
rate of l37Cs from the waber compartment. There is no apparent relation-
ship between plant surface area and 13705 loass rates and the effect of
Physa if inereasing the loss rate is independent of the plant combinstions.

. 1
The 37Cs content of the water comparitments was compared among treat-

ments (Table 8). The snail-plant(s) combinations maintained a significantly
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Relationship between complexity and compartmental
dynamics.
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Complexity levels represent combinations of microcosm components:
A = physical components only
B = Physa and physical components
C = Najas and physical components
D = Elodea and physical components

E = Physa, Najas, and physical components

F = Najas, Flodea, and physical components

G = Physa, Najas, Elodea,and physical components




Table 7.

t

. X 137 ;
Duncan's Compariszon of 3(CS Loss Rates From the
Weter Compartment Among Complexity Levels

Value of p 2 3 b 5 6 7
r, .05 2.950 3.097 3.190 3.255 3.303 3.339
P\p 7.12 747 7.69 7.85 7.95 8.05
Trestment Thysical phaysical physical chysical physical physical phiysical
Physa Physa Physa
Najas Najas Najas Najas
Flodes, Elodesn Flodes
Mean{beta) -16.84 -16.69 -18.53 -19.65 -26.71 -27.14 -28.63
Statistical

Significance




Table 8.

137 . .
Duncan's Comparison of *B‘Cs in the Weter Compartment
at 5i2 Hours Among Complexity Levels

Vaiue of p

3 4 5 6 7
rp.05 2.873 3.021 3.117 3.186 3.237 3.278
Rp 0.66 0.70 0.72 0.74 0.75 0.76
Treatment physical physical physical physical physical physical physical
Physa Phiysa Physa
Najas Na.jas Najas Na.jas
Flodea Eiodea Elodea
Mean 0.29 0.39 0.82 1.00 1.10 1.77 2.03
Statistical

Significance

92
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higher cesium content in the water than other complexity treatments. The
remaining plant conmbinstions, together with Physa alone, formed a set of
treatments which maintained significantly more cesium in the water than
the physical microccesm. Finally the treatments of Najas zlone, Physa
alone, and the physical microcosm formed a nomnslgnificant range which
maintained the least amount of 13703 in the water.

These data showed consistent trend of increased 137Cs in the water
comparbment with increased complexity. Fhysa alone had ne effect com-
pared Lo the physical microcosm. The plants increased the lBTCs content
of the water and the difference Wetween Najas alone and Elodea alone
showed a surface ares effect. The snail-plant(s) combinations demon-
strated a significant Inberaction between snails and plants as 13705 in

the water exceeded that maintained by the plants, alone or combined, and

Physa alone. The difference between Physa-Najas and Physa-Najas-flodea

may be due Lo a plant surface area affect.

Radionuclide loss rates from the water compartment showed no con-
sistent trend with increased complexity. The effect of each complexity
treatment om this radionuclide loss rate was apparently independent of
the degree of complexity. The only exception occurred with the Physa-

Najas~Elodea combination which increased the loss rate of both radio-

nuclides from the water compartment over all other combinations (Table 9).

The radilonuclide content of the water compartment at steady state

60

(512 hours) had divergent trends with increased complexity. The Co
steady state content decreased as complexity increased. Physa alone had
no apparent effect, the plants, alone or combined, decreased the content,
and the snail-plant(s) combinations reduced the steady state content to

The 137

the lowest amount. Cs steady state content increased with increased



Table 9. The Effect of Tncreasing Complexity on the Ratio of 6000
to 137¢s Loss Rates From the Water Compaxrtment

Microcosm physical physical physical physical  physical physical physical

Combination Physa Physa Physa
Najas Najas Najas Najas

Elodea Elodea mlodes

Loss Rate of

Cobalt=-560 -21.37 -20.07 -21.71 -24.55 -23.18 -21.72 -26.29

Loss Rate of

Cesium=-137 -13.53 -28.63 -16.64 -19.65 -16.69 -27.1k% -26.71

Ratio of Cobalt

to Cesium

Loss Rates 1.1 0.70 1.30 1.25 1.39 0.80 0.95

0t



complexity. Compared to the physical microcesm, Physa alone had no effect,

the plant(s), alone or combined, increassd the cesium content, and the

snail-plant(s) combinations resulted in the highest L3 0s content in the

water compartment.

. . 0 137
The ratio of ~Co to 3(05 loss rates from the water compariment for

complexity treatments (Table 9) showed the effect of each combination in

60 137,

. . . ] . .
altering the relationghip of the Co and ’s flux. In the physical

137

60 .
microcosm, the ~ Co loss was more rapid than that of Cg. The only

other combinations which had the same effect were those with plants, alons
or ccmbined. All plant combinations had the similar effect of increasing

the ratio and values ranged from 1.25 to 1.39. The effect of the plant(s)
7

£

. 137 , . o0
was to lower the 3{03 loss rate, increase the ~Co loss rate, or both.

137

]

Physas alone decreased the ratio, below 1, by increasing the Cs loss

rate as compared to the physical microcosm. The Physa-Najas treatment

increased the rabtio as compared to Physa alone, although it was still less

than 1. The combination of Physa-Najas-Elodea increased the ratio over

that of Physa-Najas to approximately 1.

These data showed that the effect of the plant compartments was to
increase the Co/Cs loss rate ratio while the snail compartment decreased
this ratio, as compared to the physical microcosm. The snail-plant(s)
tended to increase the ratio over that of Physa alone., The pattern illus-

trated by these ratios in the water was one of diverging loss rates of

6

OCo and 137Cs which were converged by the effect of increased complexity.

6OCO to 137

The ratio of per cent Cs in the water compartment at

steady state (Table 10) showed a consistent trend with inecreased func-

tional complexity. Compared to the physical microcosm, Physa alone
37C

slightly increased the 1 s content of the water, which resulted in



Table 10. g%e ET
o ¢

fect of Increasing Complexity on the Ratio of
o) 13703 in the Water Compartment at 512 Eours

Microcosm physical physical physical physical physical  physical  physical

Combination Physa Physa Physa
Najas Ne.jas Nagjas Najas

Elodea Elodea Elodea

% Cobalt-60 3.69 3.68 3.59 2.81 2.67 1.61 1.53

% Cesium-137 0.29 0.3% 0.82 1.10 1.00 1.77 2.03

Ratio of Cobalt-

60 to Cesium-137 13.65 .44 4,38 2.55 2.67 0.91 0.78

43
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lowering the ratio. The plants, alone or combined, reduced the ratioc

even more. The effect of Najas alone increased the 13703 content of the
water, while Elodea, alone or combined with Najas, decreased the 6000 and
increased the l370s content of the water. The combination of snail-
plant(s) reduced the ratio to approximately 1. The interaction of plant(s)

137 60

and snails increased the Cs content and decreased the Co content of
the water compartment. The trend of thege ratics for the water compart~
ment showed that increased functlional complexity converged the steady
state concentrations of both radionuclides toward equality.

Soil Compartment ~ The pattern of 6000 fiux through the goil compart-
ment (Fig. 3b, p. 21) differed with complexity treatments. Fach treat-
ment had a period of rapid uptake extending to 16 or 32 hours. In most
treatments thiszs pericd was fcollowed by a slower upbake to a steady state
content by 256 hours. However, in all treatments with Physs present (B,

E, and G) a steady state content was not reached by 512 hours.

The comparison of 60Co uptake rates of the soil compartment (Table 11)
showed that the treatments of Physa alone and the physical microcosm formed
a nonsignificant range with more rapid 6000 loss rates than the other
treatments. The Physa~Najas and physical microcosms formed a nonsignificant
set with higher loss rates than the remsining btreatments., The microcosms

of Physa-Najas-Elodea and Najas alone formed a get with significantly

fagter loss rates than those of remaining treatments. The treatment of
Nejas alone and remaining treatments formed the fiwmal wonsignificant range.
Thess data showed two trends. The presence of plants decreased the
uptake rate and the presence of Physa increased the uptake rate compered
to the physical microcosm. In the case of the plants, the effect corre-

lated with suwrface area; BElodea with the greater surface arsa reduced



-~
Tgble 11. Duncan's Comparisorn of OOCo Uptake Rates of
the Soll Compartment Among Complexity Levels

Value of p 2 3 iy 5 6 7
ry.05 2.870 3,017 3,114 3.182 3.235 3.276
*

R’p 10.62 ii.17 11.53 11.78 11.98 12,13

Treatment physical physical ohysical physical physical physical physical
Physa Physa Physa

Nejas Najas N=jas Najas
Elodes lodea Eilodea

Mean{beta) 6.00 7.53 9.k5 12.06 17.92 19.93 22,73

Statistical

Significance

*
Rﬁ indicates the square root of the varlance.

e
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the rate and Najas with less surface area had less effect. When Physs,
was combined with Najas, the effect of Najas in lowering the soil uptake
rate was negated and the effect of Physa in increasing this rate was re-

duced. Combining Flodes with Physa and Najas, the effect of Physa alone

or plants combined was moderated, which resulted in the intermediate soil
uptake rates. The change in uptake rate when plants were combined with
Physa demonstrated an interaction of these biclogical components which
moderated the extreme effects of these components when they occurred alone
and produced a soil uptake rate slower than when none of these components
were present. Tuncreased complexity had the effect of converging diver-

A 60
gent s0il uptake rates of Co.

P
. 00 .
The Co content of the soil compartment at 512 hours was compared

among breatments (Table 12). These values represented a steady state

content for all treatments except those in which Physa occurred. Physa

alcne and the physlcal micrccosm formed a nonsignificent set with sipge
. 60, N . .
nificantly more Co content than all the other treatments. Physa-Najas

z

. €0
and Fhysa~Najas-Elodea formed a range with significantly more " Co im the

soil compartment than the remaining treatments with plants. Najas alone
. . e e 60, . -

formed an independent set with significantly more Co than either Elodes
4 . -2 P - 2 4 60
reatment, treatments which formed = range with the lowest Co content
in the soil compartment.

(51 60"« 4

The plants, alone or combined, decreased the ~ Co content of the soil
compartment, while Physa alone alightly increased the content,; a3 compared
rith the physical microcosm., The interaction of Physs and plant(s) moder-

ated the sxtreme sffects of the components considered independently and

resulted in an intermediate 6000 content of the so0il compartment. Among



Table 12.

Duncan's Comparison of
at 512 Fours Among Complexity Levels

~

1%

)
Co in the Soil Conmpartment

Value of p 2 3 L 5 6 7

rp.O5 2.873 3.020 3.116 3.185 3.237 3.278

Ry 8.k2 8.65 2.13 9.33 9.48 9.60

Treatment physical physiceal physical physical physical physicali physical
Physa Physs Physa

Najes Najas Nejas Nalas
Elodea Tlodea Flodesa
Mean 30.69 33.89 42.,k3 59.85 4,99 88.15 91.81
Statistical

Significance

9¢
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the treatments invelving plants, the evidence of a surface area effect is

thet Elodea and Najas-Elodea produced a lower content than Najas alone.

This same surface area effect 1s evidenced in Physa-Najss and Physa-Najas-

Elodea. Similar to the results of the rate compearison, increased com-

plexity had the effect of converging divergent 6000 content of the soil
compartment .

The pattern of 137Cs flux tlrough the scoil compartment (Fig. U4b, p.
26) was similar for all complexity treatments. A periocd of rapid uptake,
which lasted between 32 and 64 hours, was followed by a period of slower
uptake. All treatments reached a steady state by 256 hours.

A comparison of 137Cs uptake rates of the soil compartments (Table
13) showed that all treatments with Physa had a significantly faster up-
take rate than other complexity treatments, which together formed the
final nongignificant set with the slowest soil uptake rates.

The data showed that the effect of all Physa combinations was to
inerease the soil uptake rate of 137Cs, The plants had only a slight
effect compared to that of the snails. An interaction of plants and
snails was not clearly shown. While Physa-Najas appeared to effect a

soil uptake rate which could be judged a result of interactlon, Physa-

Naejag~Elodea did not show such evidence. However, the magnitude of dif-

ferences among treatments containing Physa was small compared to the dif-
ference between Physa combinations and other microcosms. Thus, these data
show a significant effect of the snail compartment on the soil uptake rate
of 13703, but show no trend with complexity.

The steady state content o Cs in the so0il compartments was com-

pared among treatments (Table 14). The results showed a graded series



Tsble 13. Duncan's Comparison of 137CS Uptake Rates of
the S8oii Compartment Among Complexity Levels

Value of D 2 3 L > 6 7
r,-05 2,668 3.035 3.13% 3.199 3.250 3.290
R:'p k.31 1k.75 15.22 15.55 15.80 15.99
Treatment physical physical physical physical physical physical physical
Physa Physa Physa
Najas Najas Najas Najas
Elocea Elodes Flodea
Mean(beta) 15.58 15.9k 17.13 17.41 26.55 27.59 30.29
Statistical

Significance

gt



Teble 1L4. Duncan's Comparison of lJ?Cs in the Soil Compartment

at 512 Hours Zmong Complexity Levels

Value of p 2 3 L 5 5 7

rp.05 2.873 3.020 3.116 3.185 3.237 3.278

Rp 1.93 2.03 2.05 2.1k 2.17 2.20

Treatment physical physical physical physical physical physical physical

Physa Physa Physa

Najas NaJas lajas Najas
Elodea Elodes Elodea

Mean 93.97 95.38 97.03 97.82 97.95 98.48 99.41

Statigtical

Significance

68
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series of overlapping ncnsignificant ranges. The difference between
the highest and lowest content was only 5 per cent, which showed that
none of the complexity treatments were significant in terms of 13(Cs move -

37

ment to the soil. Even so, Physa alone increased the amount of 1 Cs in

the soll and Elodea alone and Najas-Elodea appeared to slightly increase

the amount of radiocesium in the soil, all compared to the physical micro-
cosm. Although the data showed some trends, the lack of large differences
among treatments in the 137Cs content of the soll was of more significance.
These data demonstrated that the bioclogical components were not particu-
larly effective in delaying 137Cs transfer to the soil compartment.

Radionuclide uptake by the soil compartment showed a trend with eco-
system complexity in the case of 6000 and a single effect in the case of
137Cs. Soil uptake rates of 6000 decreased when plants were present and
increased when Physa was present. Increasing complexity by combining
snails and plant(s) converged the extreme effects of both bilological com-
porents congidered independently. Soil uptake rates of 13703 were un-
affected by the presemce of plants, but when Physa was present the uptake
rate was increased

Radionuclide concentration in the solil at 512 hours showed a trend

137

for 6000 and no trend for Cs. In the case of radiocobalt the diver-
gent effects of plants and snails were comverged when these biological
components were combined. An increase in complexity had no significant
effect on the steady state concentration of 137Cs in the soil component.
. " . 60, , 137
Soil uptake rate ratios of ~“Co to Cs were compared (Table 15)
and showed that the physical microcosm had a ratio of 1.28 while all

other complexity treatments had a ratio of less than 1. The ratio for



Table 15. The Effect of Increasing Complexity on the Ratio of
Oco to 1370s Uptake Rates of the Soil Compartment

Trestment physical physical physical physical Physical rhysical physical
Physa Physa Physa
Najas Najas Najas Najas
Elodea Elodes Elodea
60 ~ y -4 ~ Ll 7z
Co 18.93 22.73 9,4k 5.00 7.53 17.92 12.06
13?/1 B por - =
Cs 15.538 23.71 17.4%1 15.95 17.1h 30.3C 27.59
6000/

137¢s 1.28 0.96 0.54 0.37 0. 44 0.59 0.k

2
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Physa alone approached 1, although the 60

Co and 137Cs rates were greater
than those for the physical microcosm. The ratio for plant combinations
was lowered to between 0.37 and 0.54 due to the effect of the plant(s) on
the 6000 rate. When Physa was combined with plant(s), the ratio was mein-
tained between 0.4 and 0.59. This was a result of Physa increasing the
13705 uptaké rate over the physical microcosm and increasing the 6000 up~
take rate over the plant(s) microcosms. Except for Physa alome, increased
complexity did not have an effect om the Co/Cs uptake rate ratios. The
significant result was that the presence of biological components lowered
the ratio ag compared to that of the physical microcosm.

6000 to lSrCs content of the soil compart-

Considering the ratio of
ment at 512 hours (Table 16), Physa alone and the physical microcosm had
similar ratlos of 0.9, although the presence of Physa increased the amount
of radio-cesium and ~cobalt in the soil compartment. The plant combina-
tions had ratios of 0.3 to 0.4 and the cesium content was unaffected while
the 6000 content was lowered as compared to the physical microcosm. The
combination of Physa and plant(s) increased the ratio to 0.7 due to the
Physa-plant(s) interaction which increased the 6000 content of the soil
compartment. These Co/Cs content ratios showed no linear trend with
increased complexity, but demonstrated the eff¢ct of the individual bio~
logical components in lowering the ratio and the effect of the biological
interactions in increasing the ratio.

Container Surface Compartment - The 6OC0 flux pattern to the con-
tainer surface compartments differed among treatments (Fig. 3c, p. 21).

The pattern of uptake to a steady state content was characteristic of the

physical microcosm (A), Physa alone (B), Najas alome (C), and



o 60
Table 16. The Effect of Increasing Complexity on the Ratio of Co
L 17 ~ e : Ky . ==
to L310s Content of the Soil Compsrtment at 512 Hours

Treatment physical physical nysical physical rhysical physical physical
Physa Physa Physa
Nz jas Na jas Hajas Najas
Flodea Elodea Elodes
6(- - -~ ~ ~
“co 88.15 91.81 2. 43 30.69 33.89 74,99 69.86
1 e o ~ ,
Tas 97.03 99.41 98.148 95.38 93.97 97.95 97.62
6020/
137¢s 0.91 0.92 0.43 0.32 0.36 0.76 0.71

&y
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Najas-Elodea (F). A pattern of uptake to a maximum content with subse-

quent loss characterized Elodea alone (D), Physa-Najes (E), and Physa-

Najas-Elodea (G).

The initial 6000 uptake rates were compared among complexity treat-
ments (Table 17), except for the treatment of Elodea alone in which uptake
was completed by 2 hours. The Physa-Najas combination had a significantly
higher uptake rate than all other treatments. Najas alone and Na.jas -
Elodea formed a set with significantly higher uptake rates than the re-

maining treatments. Najas-Elodea and the remaining combinations formed

a nonsignificant range with the slowest uptake rates.
The uptake rate data showed that the presence of Najas lncreased the

uptake except when combined with Elodea and Physa. The presence of Physa

alone or combined with Elodea and Najas effected similar rates which were
lower than those of the Najas combinations. These data showed that Najas
and Physa each had a distinct effect on the uptake rate, and that the
specific result in combination was not predictable from knowledge of each
component alcone.

A comparison of the maximum 6000 content of the container surface
compartment among treatments (Table 18) showed that all treatments with

Najas alone or combined with Elodea or Physa and the physical microcosm

formed three successive overlapping ranges which had significantly higher
content than the remaining treatments of Physa alone, Elodea alone, and

Physa-Najas-Elodea. The latter treatments formed a unonsignificant range.

These results showed that the presemce of Najas had the significant
effect of increasing the 6000 content of the contalner surface compart-

ment. Physa or Elodea alone reduced the content. The interesting result




Teble 17. Duncan's Comparison of

OCo Uptake Rates of the

Container Surface Compartment Among Complexity Levels

Value of p 2 3 L 5 6

rP.O5 2,950 3.097 3.190 3.255 3.303

R§ 2.212 2.322 2.392 2.4 2.477

Treatment physical physical physical physical physical physical
Physa Physa Physa
Najas Najas Hajas Najas
Elodea Elodea

Mean(beta) 0.3838 0.5740 0.9416 1.5313 2,0819 3.2649

Statistical

Significance

&



mable 18. Duncan's Comparison of OCo Maxima on the
Contalner Surfaces Among Complexity Levels
Velue of p 2 3 b 5 6 7
rp.05 2.873 3.020 3.116 3.185 3.237 3.278
R, 3. 404 3.62 3.7k 3.82 3.88 3.93
Treatment physical physical physical physical physical ohysical physical
Physa Physa Physa
Nejas Najas Najas Najas
Elodea Elodea Elodea
Mean 1.29 2.60 2.62 6.71 9.18 11.90 13.96
Statistical

Significance

on
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was that when Elodea or Physa were combined with Najas, the effect of

Najas predominated. However, when lNajas was combined with Elodea and

FPhysa the effect of Flodes and Physe predominated. These results showed

that the Intersction of Physa and Elodea was slgnificant in reducing the

effect of Najas.
A comparison of the 6000 content on the contalmer surface at 512 hours
(Table 19) showed that the physical microcosm and 2ll Nejas treatments,

except Physa-Najas-Elodea, formed a nonsignificant rarnge with a signifi-

cantly higher content than the remaining treatments which formed a none
significant range. These data showed that Najas was effective in main-

taining a higher content in the container surface than Flodea or Physa
£ g

alone and Physa-Najas-Elodea. Further, there was a trend of decreasing

60Co content for Najas combinations of increased complexity,

The pattern of 137Cs flux through the contalner surface compartments
(Fig. be, p. 26) was different among complexity treatments. A perilod of
uptake to a maximum, which lasted up to 32 hours, was followed by a con-
tinuous loss through 512 hours for treatments of plant combinmations (C,D,F).
All other treatments had a patbernm of uptake to & maxlmum, followed by
loss to a steady state content.

The maximum content of the container compartment was compared among
treatments (Teble 20). The treatment of Elodea alone had a significantly

higher content than all other treatments. Najas alone, Najas-Elodea and

the physical microcosm formed two overlapping ranges wilth significantly
nigher content than the remaining treatments of Physa combinations. The
Physa combinations formed a nonsignificant range with the lowest 13705

content.



Table 19. Duncan's Comparison of OCo in the Contalner Surface
Compartment st 512 Hours Among Complexity Levels
Value of p 2 3 L 5 6 7
rp.05 2.873 3.020 3.116 3.185 3.237 3.278
% 2.77 2.39 2.47 2.53 2.56 2.59
Treatment physical physical physical physical physical physical physical
Physa Physa Physa
Nejas Najas Najas Najas
Elodea Elodea Blocea
Mean 0.89 1.05 2.02 6.22 6.7L 7.63 8.37
Statistical

Significance

gt
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Table 20. Duncan's Comparison of Cs Mexima on Container
Surfaces Among Complexity Levels

Value of p 2 3 y 5 6 7
T, .05 2.873 3.020 3.116 3.185 3.237 3.278
Ry 1.48 1.55 1.60 1.6k 1.67 1.69
Treatment physical physical physical physical physical physical physical

Physa Physa Fhysa

Najas Nz jas Najas Najas

Elodea Elodea Tlodes
Mean 0.69 1.5k 2.17 7.50 8.67 9.36 15.81
Statistical

Significance

&4
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These results showed that the presence of plants either significantly
increased the radiocesium content of the contalner surface or had no
effect as compared to the physical microcosm, whereas the presence of the
snall reduced the content as compared to the physical microcosm. Among
plants, the data indicated that increased surface area increased the 13703
content, as Elodea with the greatest surface area had the greatest content.
The trend of thege data showed that plants alone or combined increased
the content, the smaill alome decreased the content, and when the spail
and plant(s) were combined the effect of the snail predominated.

The 13?Cs content of the container surface at 512 hours was compared

among complexity treatwents (Table 21). The treatment of Najas-Elodea

maintained significantly more 13705 on the container surface than all
other treatments. KElodea alone and the physical microcosm formed a
range which had a significantly higher 13705 content than the remaining
treatments. Najas alone and all Physa treatments formed the final range
with the Jowest content. In general, these data showed that the plant

137

compartments maintained approximately the same 'CS content on the con-
tainer surface as the physical microcosm, while the snail compartment sig-
nificantly reduced the l37Cs content of the container surface compartment.
Changes in complexity changed the flux patternm of both radionuclides
through the container surface compartment. The pattern showed no simi-
larity between radionuclides for a glven complexity level, except for the
physical microcosm, Physa alone, and Elodea alone. In general, the be-

havior of either radlonuclide was not predictable from knowledge of the

behavior of the other radionuclide.



A . 1 . , "
Table 21. Duncan's Comparisocn of 37Cs in the Container Surface
Compartment at 512 Hours Among Complexity Levels

Value of p 2 3 L 5 6 7
rp.05 2.873 3.028 3.116 3.185 3.237 3.278
RP .47 1.54 1.59 1.63 1.65 1.67
Treatment physical physical physical physical physical physical physical
Physa Physs. Physa :
Najas Najas Najas Najas
Mean (%) 0.08 0.10 0.11 0.69 2.67 2.95 4,65
Statistical

Significance

TS
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60

The ratio of maximum ~ Co to l370s content of the container surface
compartment (Table 22) showed that the physical microcosm had a ratio of
0.89, similar to that of Najas alome of 0.98. Except for a magnitude
change, the relationship of these two nuclides remained constant. Elodea
alone had a significant effect by reducing the ratio to 0.16. Physa-Najas
increased the ratio to 6.43 and all other treatments increased the ratio
over that of the physical microcosm, Thus, the relationship of these
maxima at higher complexity levels was not predictable from the results at
lower complexity levels.

The ratio of 6OCo to l3705 content of the container surface at 512
hours (Table 23) showed that the plants, combined or alone, had a varied
effect on the Co-Cs ratio. However, the intermediate response of the com-

bination could have been predicted from the results of both plasts alone.

Likewise, the nature of the ratio for Physa-Nzjas and Physa-Najas-FElodea

could be predicted from knowledge of each ccomponent alone. These results
indicated that the relationship of radio-covalt to ~cesium could be pre-
dicted for a combination of compoments by information of the Co~Cs ratios
from each component considered independently.

Thege data showed that the presence of Elodea, elther alone or com-
bined with Najas, maintalned the same or higher cesium content than the
treatments of Najas alone or Physa combinatioms. In general, the plant
compartments maintained the same content as the physical microcosm while

a 137

the snall compartment significantly reduce s content of the contalner

surface.
Physa Body Compartment - The pattern of 6000 flux through the Physa

body compartment was similar for all complexity levels (Fig. 34, p. 21).



Tgble 22. The Effect of Increasing Complexity on the Ratio of 6000 to
13703 Uptake Rates of the Container Surface Compartment

Treatment physical physical physical physical physical physical physical
Physa Pliysa Physa
Najas NaJjas Najas Najas
flodea Elodea FElodea
60 -z a - .
Co 6.7 2.60 9.13 11.90 2.60 13.96 1.29
137 . _ s £ ) A
Cs 7.50 15.81 9.36 8.67 1.54 2.17 0.69
6OCO/
137 - 8 Zh 8 “ o -
Cs 0.89 0.164h 0.9 1.27 1.68 6.43 1.86

€S
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Teble 23. The Effect of Increasing Complexity on the Ratio of OCo to
137cs Content of the Container Surface Compartment at 512 Hours
Treatment physical physical physical physical physical physical physical
Physa Physa Physa
Najas Nz jas Najas Najes
Elodes Elodes Elodesg
60 o
Co 7.63 1.05 5.37 65.22 2.02 6.7L 0.39
137 6 L.6 . -
Cs 2.67 2.95 0.69 +.65 0.11 0.08 0.10
6OCO/
1370 2.85 0.35 12.13 1.33 18.36 83.87 8.90

"G
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A period of uptske o the maximum content was followed by a met loss
which continued through 512 hours. Although the pattern was similar,
there were differences In the time at which a meximum conmtent was reached
and the duration of thls maximum. In the treatment of Physa alcne (B), &
maximum content was reached by 64 hours and maintalned to 128 hours. For
Physz-Najes (E), the maximum was reached at 32 hours and maintalned to

128 hours, while for Physa-Wajas-Elodea (G) a msximum content waz reached

by 16 hours and maintained to 32 hours. There wag & trend of decreasing
both the time for a maximum to be reached and the duration of this maximum
with Increased counplexity.

The comparison of uptake rates among treatments (Table 24) showed
that Physa combined with ome or both plants formed & range with slignifi-
cently higher rates than that of Physa alope. The magnitude of the rates
was smwall, bubt they differed by a factor of three. The analysls of the
6000 maxima of the Physa body compartment (Table 25) showed that the

presence of elther Najas or Najas and Elodea had the effect of signifi~

cently increasing the 6000 content over that of Physa alome.

The 6000 centent of the g§z§§~body'compartment at 512 hours wasg com-
pared among treatments (Table 26). The results showed that the treatments
of Phyza-Nejas resulted in the highestend-point content which was slgnifi-

cently greater than those of Physa-lajas-Elodea and Physa alone. The

iatter two treatwents formed a nongignificant range. Since none of these
values at 512 hours represented a steady state content, the difference re-
flected the difference In pattern and time among the treatments. The loss
from the Physa body compartment was slower in the treatment of Physa alone

than either Physa-Najas or Physa-Najas-Elodea and the loss from the Physa
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Table 24, Duncan's Comparison of 6000 Uptake Rates of the
Physa Body Compartment Among Complexity Levels

Value of p 2

3
.05 3.055 3,200
Ri) 0.7k .77
Treatment physical physical physical
Physa Physa Physa.
Najas Najas
Elodea
Mean(beta) 0.20 0.56 0.67
Statistical

Significance
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Table 25. Duncan's Comparison of 7~ Co Maxime in the
P dy Compartment Among Complexity Levels

.
=
w0
@
td
%)

Value of p 2 3

rp.05 2,01h 3.160

R, 0.77 0.81

Treatment physical physical vhysical

FPhysa, Physa Physa

Najas Ne.jas
Blodea

Mean 1.05 2.08 2.35

Statistical

Significance
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0
Table 26. Duncan's Comparison of (o in the Physa Body
Compartment at 512 Hours Among Complexity Levels
Value of p 2 3
r .05 3.014 3.160
R 0.24 0.26
iy
Treatment physical physical physical
Physa Physa Physa
Najas Najas
Elodea
Mean 0.34 0.4k 0.78
Statistical

Significance
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body of Physa-Najas-Elodea began eariler than that of Physa-Najas, and

could be expected to be lower than that of Physa-Najag-Elodes.

The pattern of 137Cs movement through the Physa body compartment

ig. 4d, p. 26) showed a rapid uptake o a

37

z'\

Tor three complexity leve
mazimun conbent which was followed by a loss of Cs. The peried of
initial uptake ranged from 0 to 16 hours with 2 slight difference in rates

among complexity levels. However, the addition of Najas (B) increased
g P P J

this uptake period by 8 hours as compared to Physa (B) alone. When Elodea
and Najas (F) were both present, the maximum content was maintained from

16 to 32 hours and then followed by @ loss. There was no statistical dif-

ference among loss rates. The increszse in complexity had 1little ‘ect on

l3TCL

uptake or loss rates, but delayed the time at which a maximum & content

wag reached and lncreased the duration of thls maximum phase.
Maximum lB{Cs content and jrCs content in the Physe body compartment
at 512 hours were 1.31% and 0.08%, respectively, for FPhysa alome; 1.99%

and 0.06% for Physa-Najas; and 1.45% and 0.07% for Physa-lajas-Elodea.

An F test revealed no difference among the treatments in elther maxlmum
or final J7Cs content. The 3703 content of the Physa bodies was 2 small
percent of the total activity and appeared to represent a steady state
content.

The effects of complexity on 13/Cs and %%Co flux through the Payss
body compartment were divergent. The 3705 uptake and loss rates, maxlmum
concentration and end point content ¢f this compartwent were simllar for
all three complexity levels, while 6000 uptake rates and maximum content

Increazed with increased complexlty. The presence of plants delayed the

time at which a peak cesium concentration cccurred and if both plants
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delayed the time at which a peak cesium concentration occurred and if
both plants were present the duration of this peak concentration was in-
creased as well. For 6000, the addition of a single plant decreased the
time at which a maximum content was reached but had no effect om the
duration of this maximum phase. When two plants were present the time &t
which a maximum content was reached was further reduced and the duration
of the maximum phase was reduced as well. Thus, increased complexity ip-

creased the cycling time of 1370

s through the Physa body and decreased
the cycling time of *OCo through the Puysa body.

Physa Shell Compartment - The flux pattern of 6000 through the Physa
shell compartment (Fig. 3e, p. 21) showed a period of uptake for all com-
plexity levels. After this initial period of uptake, Physa alone (B) and
EEZEE?@EQEﬁ_(E) had a more gradual increment to 256 hours while the Physs.-

Najas-Elodea treatment (G) had loss of 6000 after 64 hours.

The initial 6060 uptake rates for the Physa shells were compared
among treatments (Table 27). Physa alone and Physa-llajas form a non-
significant set with uptake rates significantly higher than Physa~Najag-
Elodea.

Inspection of the 6000 pattern in the Fhysa shell compartment (Fig.
3e) showed that increased complexity reduced the duration of the uptake

phase. Physa alone and Physa-Najas showed evidence of contlnued uptake

to 256 hours, while in Physa-Najas-Elodea the Physa shell uptake was

terminated at 16 hours. Thus, in addition to decreasing the uptake rate
of 6000, increased complexity decreased the length of the uptake period.
The maximum 6000 levels in the Physa shell compartment were coupared

among complexity levels (Table 28). The 6000 content of thils compartment
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Duncan's Comparison of Co Upteke Rates of

Physa Shells Among Complexity Levels

Value of p 2 3

rp.O‘j 3,113 3.250

R"Q 0, k60 0.481

Treatment vhyslecal physical ohysical
Physa Physa Phiysa
Rejus fajas
Elodea

Mean(beta) 0.142 0.640 0.67h

Statisticsl

Significance




Table 28. Duncan's Comparison of 6000 Maxima of the Physa Shell

Compartwent Among Complexity levels

Value of p 2 3

rp.OB 3.01k4 3.160

R 1.71 1.20

o 7

Treatment physical physical physical
Physa Physa Physa
Najas Najas
Elodea

Mean 0.80 2.30 4.30

Statistical

Significance
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in Physa alone was significantly higher than that when plants were pre-

sent., Physa~Najas and Physa-Nsjas-Elodea formed a nonsignificant range

. . . 60

with the lowest maximum Co content:. These data show a trend of de-
60 s ‘v s
creaged Co content in the Physa shell compartment with increased com-
plexity.
There was a significant difference among these treatments in the

. s . 60 s
time at which the maximum ~ Co concentration occurred. In Physa alone
this peak was at 256 hours., When Najas was present with Physa the pesk

was attained by 32 hours and when Najas and Elodea were present with Physa

the peak occurred even earlier, at 16 hours. Thus, with regard to the
maximum 6OC0 content of the Physa shell compartment, increased complexity
reduced the maximum content and also reduced the time required for this
maximun level o be reached.

The 6OC0 content of the Physa shell compartment at 512 hours was
lower than the maximum concentrations for all treatments. These end
point contents were compared among treatments (Table 29). The results
showed an overlapping of nonsignificant ranges with the trend of de~
creased 6000 content with increased complexity. The end point measure-

ment for Physa-Najas-Elodea may represent a steady-state level. However,

for the other two treatments it was not possible to determine if the drop
in 6OC0 at 512 hours represented a trend toward loss or just an unusually
large variation in the sampling.

The loss rates of 6000 from the Physa shell compartment in the Physa-

Najas-Flodea treatment had a significant loss rate while the other treat-

ments showed no loss. Since the nature of the pattern of 6000 behavior
for the Physa alone and Physa-Najas was not discernible from the obser-

vations it is reasonable to assume that they either did not change or
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Table 29. Duncan's Comparison of 60Co on Physa Shells
at 512 Hours Among Complexity Levels

Value of p 2 3

rp.OB 3.01h 3.160

R:p 0'9)‘1‘ 0'99

Treatment physical physical physical
Physa Physa Physa
Najas Najas
Elodea

Mean 0.39 1.28 2.17

Statistical

Significance
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began a period of net 6000 loss. In either event, the most complex
treatments showed no loss.

The pattern of lS?Cs flux through the Physa shell compartment (Fig.
ke, p. 26) showed that each treatment had an uptake phase extending to
16 hours, which was followed by an immediste and continued loss. Com-
parison of uptake and loss rates among treatments and maximum and final
13705 content of the Physa shell compartment showed no statistical dif-
ferences. The content of this compartment by 512 hours had dropped to
less than 0.1% of the total 13708. Thege dats indicated that the move-
ment of 137Cs through the Physs shell compartment was rapid and lB?Cs
appeared to be completely eliminated from this comparftment by 512 hours.
There was no evidence of any effect of complexity on the flux of 13705
through the Physa shell compartment.

The effects of complexity on the flux of both radionuclides were
different. In the case of 13705, cyeling appesred to be independent of
complexity. However, for 6000, increased complexity increased the cyeling
rate by reducing both the dursation of the upitake phase and the maximum
content, as well as inducing a pattern of 6000 loss from the Physa
shell compartment.

Najas Compartment - The pattern of 6080 flux through the Najas com-
partment (Fig. 3f, p. 21) was different among complexity treatments., In
treatments which had only plants (C, F) Najas had an uptake to a maximum
which was maintained as the steady state content to 512 hours. When Physa
was present (E, G), there was a similar initial uptake, but after a maxi-

mum was reached there was a period of loss which continued through 512

hours.
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A comparison of the net uptake rates for the Najas compartment
(Table 30) showed that in the treatment of Najas alone, Najas had a sig-
nificantly higher uptake rate than in all other treatments. The remain-
ing treatments formed a nonsignificant range. The addition of Physa,
Elodea, or both, caused a reduction in the uptake rate of 60Co into the
Najas compartment. The net effect of increased complexity was to reduce
the uptake rate.

Although the flux patterns of 6000 in the Najas compartment were
similar, there were temporal differences among the patterns. In the
treatment of Najas alone, Najas reached a maximum content by 64 hours.

When Najas was combined with Elodea or Physa, the maximum 6000 content

was attained by 32 hours. Combining NaJjas, Elodea, and Physa resulted in

a maximum content between 8 and 16 hours. Thus, increased complexity re-
duced the time required for the Najas compartment to reach a meximum con-
tent of 6OCo.

The maximum,6OCo content of the Najas compartment was compared among
complexity treatments (Table 31). When Najas was alone, a significantly
greater amount of 6000 accumulated in the Najas compartment than in all
other treatments. The remaining treatments formed a nonsignificant range.

The presence of Elodea or Physa with Najas reduced the maximum by approxi-

mately one-half and when all three components were combined the maximum
was even Turther reduced. These data show the trend of decreased maximum
6000 content of the Najas compartment with increased complexity.
Radiocobalt in the Najas compartment at 512 hours was compared among
complexity treatments (Table 32). In Najas alone this compartment main-

tained a significantly higher content than in all other treatments.
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Table 30. Duncan's Comparison of 6000 Uptake Rates of the

Najas Compartment Among Complexity Levels

Value of p 2 3 L

r, .05 2.98) 3.130 3,200

R'p 6.09 6.39 6.58

Treatment physical ohysical physical physical

Physa, Physa

Najas Hajas Najas Najas
Flodea Elodea

Mean(beta) h,51 5.32 5.63 9.h7

Statistical
Significance
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Table 31. Duncan's Comparison of 6OCo Maxima in the
Najas Compartment Among Complexity Levels

Value of p 2 3 I

rp.o5 2.950 3.097 3.190

Rp 7.59 T7.97 8.21

Treatment physical physical physical physical
Physa Physa
Najas Najas Najeas Najas
Elodesa Elodea

Mean 16.87 21.06 21.36 45.67

Statistical

Significance
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_ . 60, .
Teble 32. Duncan's Comparison of Co in the Najas Compartment
28d8s Lomp
at 512 Hours Among Complexity Levels

Value of p 2 3 L

rp.05 2.950 3.097 3.180

By, 7.5 8.15 8.38

Treatment physical physical physical physical
Physa Physa
Najas ‘Najas Najas Najas
Elodea, Elodea

Mean 10.53 13.76 19.33 45.67

Statistical

Significance
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Najas-Elodea and Physa-Najas formed a nonsignificant range with signifi-

cantly higher content than with Physa-Najas~Elodea. Finally, Physa-Najas

and Physa-Najas-Plodea formed a range with the least content at 512 hours.

These data showed a trend of decreased 6000 content with increased complex-
ity.
r +37¢

The pattern o s flux through the Najas compartment (Fig. 4f, p.

26) differed among complexity levels. All treatments had a period of up-
take to a maximum by 4 hours. When Najas was alone (C), this maximum was
maintained through 32 hours, after which there was a loss. When Elodea

or Physa was combined with Najas (F, F), the duration of the maximum period

was reduced to 16 hours and followed by a loss. In the combination of

Physa-Najas-Elodea (G), & maximum was reached at 2 hours and followed

immediately by a loss. Increased complexity changed the pattern of 137Cs
flux through the Najas compartment toward a more rapid cycling.
The meximum radiocesium content of the Najas compartment was compared

among complexity levels (Table 33). The treatments of Physa-Najas~Elodea,

Physa-Najas and Najas alone formed a nonsignificant range with signifi-

137

cantly higher Cs in this compartment than in the remaining treatment

of Najas-Elodea. The combination of Najas-Blodea reduced the maximum by

one-half, but when Physa was added to the combination of Najas and Elodea

the effect of Elodes was negated. Thus, the presence of Physa signifi-
cantly altered the relationship of Najas and Elodea.
The behavior of both radionuclides in the Najas compartment was
significantly changed by increased couplexity. Iun the case of 6OCO, the
137

pattern of a steady state maximum was changed to that of loss. For Cs,

the pattern of a period of duration of a maximum was changed to that of no
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Table 33. Duncan's Comparison of 13703 Maxima in the
Najas Compartment Among Complexity Levels

Value of p 2 3 L

rp.05 2.950 3.097 3.190

Ry 0.182 0.191 0.197

Treatment physical physical physical physical

Physa Physa

Najas Najas Najas Najas
Elodesn Elodea

Mean(%) 0.30 0.51 0.53 0.63

Statistical

Significance
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steady state maximum. For both radionuclides, increased complexity de-
creased the time reguired for a maximum content to be attained. Thus,
increased complexity induced temporal and pattern changes in the 6000 and
137Cs flux which effectively increased the cycling rate of these nuclides
through the Najas compartment.

137

There was a great difference in the gquantity of 6000 and " 'Cs accum~

ulated in the Najas compartment. 6OCO maxima ranged between 17 and L6%
137,

as compared to maxima of less than 1% for Cs. In these microcosms,

6

OCO accumulation in the Najas compartment was much greater than that of
1
37CS.
) 60 , _
Elodea Compartment - The pattern of Co flux through the Elodea
compartment differed among treatments (Fig. 3g, p. 21). All treatments
had a period of uptake to a maximum. In Elodea alone (D) and Najas-

Elodea (F), the maximum content was maintained as a steady state through

512 hours. In the combination of Physa-Najas~Elodea (¢) a maximum con-

tent was reached after which there was an immediate and continuous loss
from this compartment through 512 hours. Increased complexity resulted
in changing the pattern of 6000 flux.

In addition to the pattern change, the time at which a 6OCo maximum
was reached in the Elodea compartment differed among treatments. In
Elodea alone, the maximum content was reached between 64 and 128 hours.
When Najas was combined with Elodea, the maximum was attained by 6k

hours. The combination of Physa-Najag-Elodea resulted in a maximum being

reached by 32 hours. The trend of these data showed that increased com-
plexity decreased the time required for a 6000 maximum to be reached by

the Elodea compartment.
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Uptake rates of the Elodea compartment were compared among complexity
levels (Table 34). The treatment of Elodea alone had a significantly
higher uptake rate than the other treatments and the microcosm consisting

of Physa-Najas~Elodea had a significantly higher uptake rate bthan that of

Najas-Elcdea. These daba showed that lncreased complexity reduced the

upbake rate of the Flodea compartment. However, in the most complex nmicro-
p R ra -

cosm the presence of Physa increased the rate,

~
R 60
The meximum ~ Co content of the Elodea compartment was compared smong

treatments (Table 35). Each treatmant formed an independent set. When

7
: s s 00 .
alone, Elodes accumulated significantly more 7 (o than in all other treat-

ments., When combined with Najas, Elodea acoumulated the least amount of

60 s . . . .
Co. The combinatlon of Physa-Hajas-Flodea resulted in a maximum Elodes

content greater than that of Najas-Flodea, and less bhan that of Flodes

alone, Thege data showed that the effect of Najas in reducing the maxi-

mm content of Blodea was not as great when Thysa was present, which sug-
& ¥ 9

gested a significant relationshlp betwesn Flodea and Physa. TInereased

. , 0. . o
complexity reduced the Co maximum of the Klodes compariment.
Y 2 o b PR o CO f= I T
The results of the comparison of Flodea ~ Co content at 512 hours

(Table 36) showed that each treatment formed an independent set. Elodea

alone had the greatest content, Najas-Flodea was next, and Physa~Najas-

Elodes had the least conbent, These data showed that inereased complexity
. 60
reduced the Elodes Co content.
Cesium~137 flux through the Elodea compartment (Fig. hg, p. 26) was
different among treatments. In all treatments, Elodea had an uptake of
{Cs to a maximum, This maximum was maintained for a period as a steady

state for treatments of Elodea alone (D) and Najas-Elodea (F), after which
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Table 34. Duncan's Comparison of OOCo Uptake Rates of the

Elodea Compartment Among Complexity Levels

Value of p

2 3
r 05 3.199 3-339
Ry 2.6k 2.75
Treatment physical physical physical
Physa
Najas Najas
Elodea Elodea Elodea
Mean(beta) 8.03 11.72 17.36
Statistical

Significance




Table 35.

™

. 60 . .
Duncan's Comparison of Co Maxima in the
Flodea Compartment Among

Complexity Levels

Value of p 2 3
r .05 3.01%4 3.160
Rp 5.06 5.31
Treatment physical physical physical
Physa
Elodes Flodea FElodea
Mean 35.08 50.06 69.26

Statistical
Significance
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Table 36. Duncan's Comparison of 6OCo in the Elodea Com-
partment at 512 Hours Among Complexity Levels

Value of p 2 3
rp.O5 3.01k 3.160
R.p 8.13 8.52
Treatment physical physical physical

Physa Physa

Najas Najas

Elodea Elodea

Mean 15.63 35.08 65 . 4l
Statistical

Significance




7

there was a loss. However, in the case of Physa-Najas-Elodea (G) a

maximum was reached and immediately was followed by a loss.

In addition to pattern differences, there were temporal differences
among the patterns. The maximum content was reached by 2 hours in all
treatments. This maximum was maintained to 32 hours in Blodea along (D),

but when Najas was added to Elodes (F), the maximum was maintained to 16

-

hours. There was no steady state meximum for the treatment of Physa-Najag-

Elodea (G). These dats showed that increased complexity reduced the

137,

duraticn of the maximum s contert in the Elodea compartment. The

trend of temporal and patiern changes induced by an increase in complexity

1374

resulted in a faster cycling rate through the Flodea compartment.

. \ . 137 . <
Cempariscon of the maximun SIJS content of the Flodea compartment

among treatments (Table 37) showed that Elodea when alone or combined with

Physa and Najas had a significantly higher maximum than in the Najas-

Flodea treatment. These data showed that the effects of Najas in reducing
the maximum were negated il Physa was added to the combination of Elodea
and Najas. The presence of Physa was significant in changing the rela-

vt S

tionship of Elodea and Najas.

There were temporal and pattern changes in the flux of both radio-
nuclides through the Elodea compartment. For 6000, increased complexity
changed the pattern of 2z steady state maximum to that of a loss. 1In
the case of 13708,’the pattern of duration of a meximum content was
changed to that of no duration of a wmeximumm content. The time at which
a maximum 6000 content was reached decreased with increased complexity,

137

and for Cs, the duration of the steady state maximum was decreased

with increased complexity. Increased complexity effected temporal and
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Table 37. Duncan's Comparison of 137

Cs Maxima in the
Elodea Compartment Among Complexity Levels

Value of p 2 3

r.05 3.014 3.160

Rp 1.29 1.36

Treatment physical physical physical

Physa

Najas Najas
Elodea Elodea Elodea.

Mean 0.82 3.69 4.28

Statistical

Significance
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pattern changes which resulted in more rapid cyciing of both radionuclides

through the Blodea compartment,

Complexity Effects on Cycling Parameters

The pattern of final distribution and net pathways of the radicanu~
clides among the microcosm compartments and the time to steady state of
compartments can be obtained from the dynamics of the radionuelidss in
each compartment (Fig. 3, p. 21 and 4, p. 26). Changes in one or more

of these cycling parameters with increased complexity provided a means

)

f assigning a regulatory role to the compartment or compartments which
effected the change. Analysis of cyecling in terms of these paramaters
algo elucidated both the functicnal role of compartments and the signifi-
cence of the functicnal role in cycling at each level of complexity.

For most compartments, the time to steady state can be determined
from the dynsmics of nelt radionueclide Tlux through the compartment. How-
ever, in the case of the water compsriment it was not always apparent
that a steady state had been reached by the end of the experiment. The

. . 60 137 -
changes cccurring after the rapid loss of ~ Co or Cs were slow., The
final observations showed a trend of continued loss, but differences among
observabtions often were less than 1%. In order to agsign a steady state
value to the water compartment for comparative purposes, the time at
which 95% of the total radionuclide was eliminated from the water was
chosen ag the time at which the steady state content was reached.

) 60 \ . .
Radiocobalt - The transfer of =~ "Co through the physical microcosm
. ) U 60
(Fig. 5a) showed a net transfer of 7Hh of the total ~'Co from the water

compartment to the contalner surface compartment, which reached a steady

state after 32 hours. There was a transfer of 89% of the 6OC0 from the
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Figure 5.

The effect of complexity on radionuclide flux patterns.

The arrows represent net flow pathways and the circles represent

microcosm compartments.

Size of circle represents relative accumulation

of radionuclide in the compartment at time of steady state.

Compartments:
W - water Pg - Physa
S - soil N - Najas
C -~ container surface E -~ Elodea

PB - Physa body

shell
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water to the solil which continued until a steady state content was
o : . N o
reached at 256 hours. In the physical system, most of the Co accumu-
lated in the soil and both the walter and soil compartments reached a
steady state content after 256 hours. On the basis of dlstribution the
g0il was the primary regulatory compartment.
The presence of Physa alone caused changes in both magnitude and time

to steady state of the system. The pattern of pathways in the physical

(9]

ystem were not changed by the presence of Physa (Fig. 5b). The Physa
shell gained 2% of the 6000 from the water compartment and reached a
steady state after 32 hours. The container surface also gained 2% of the
6000 from the water compartment and reached steady state content after

64 hours, 32 hours longer than the physical system. The Physa body com-
partment, which had both net gains and losses, held 0.34% of the 6000 at
512 hours and did not reach steady state. The soil gained 91% of the
6000 from the water and had either closely approached or reached a steady
state content by 512 hours. The water compartment reached steady state
after 512 hours.

Compared to the physical microcosms, the presence of Physa delayed
the rise to steady state of the water and soil compartments, decreased the
OCo conmtent of the container surface compartment and slightly increased

the content of the s0ll compartment. The magnitude and ‘temporal changes
can be related to the activity of Physa in the microcosms. The accumu-
latlon of particulate matter, both visible soil particles and assumed
mierobial bilomass on the container surface was removed as Physa crawled
over the container surface. Since the snails were added to the microcosms
several days prior to tagging, there were no vizible signs of particulate

nmatiter on the container surface at the time the radicnuclides were added
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to the water compartment. This function of Physa could explain the
smaller guantity of 6OCo on the container surface. The delayed steady
state content of the soil and water compartments and the increased quan-
tity of 6OC0 in the soil may be related to the effect of Physa on the
soll compartment. In moving over the soll, the snails altered the micro-
topography of this surface. The pet effect of this activity was to in-
crease the effective surface area of the soil. Since this activity con-
tinued throughout the experiment, it can be assumed that the spalls in-
creased the depth of 6000 penetration into the soil by turning over the
soil and exposing the deeper layers. Also, Physa had a direct input to
the soil in the form of feces. Since organic matter has a great affinity
for cobalt, it was possible that this situation increased the capacity
of the soil compartment for 60Co. This activity of Physa in the micro-
cosmg effectively increased the capacily of the soil for 60Co accunula=-
tion, which delayed the occurrence of steady state content of the soil
and consequently the water compartment.

Although Physa accumulated only a small percentage of the total 6000,
the effect of Physa activity on the physical compartments changed the
distribution and significantly changed the time to steady state of the
compartments. Physa regulated both the pattern of distribution and tem-
poral parameters. Except for the expected loss from the Physa bvody, the
pathway pattern of net input with no net loss was unchanged as compared
to the physical microcosm. Thus, the soil regulated the pathway pattern.

The pattern of pathways among the compartwents was not changed when
Nejas alone was added to the physical microcosm (Fig. 5¢, p. 80). However,

there were changes in the pattern of distribution and time to steady state
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of the microcosm compartments. The container surface compartment, similar
. - . . of 60,
to that in the physical mlerocosm, gained 8% of the Co from the water
comparbment and reached a steady state content after 32 hours. There was
O“i )dc‘ | . - »
a net ~ Co transfer of 46% from the water to the Najas compartment, which
reached a steady sbate bebween 64 and 128 hours. Najas had no net loss
of ~“Co. The soil gained %29 from the water and both of these campart-
ments reached a steady state after 128 hours. DNajas accumulated and
. o 1an 60
retalined approximately one~half of the Co that was transferred to the
soll in the physical microcosm. This function of Najas can be related to
: - , s eoeaq 60
thne surface area of the plant. By reducing the total ~Co to be distri-
buted among the physical components, the time to steady state of the soil
and water components was reduced one~half., In this microcosm, Najas regu-
lated the pattern of distribution and time to steady state. BSince no
pathways of net loss were observed, the pathway pattern was still regu-
lated by the soil.
The addition of Elodea alone to the physical microcosm changed the
60
pattern of pathways of ~ Co (Fig. 54, p. 80), the distribution pattern,
and time to steady state of the microcosm compartments. The container

urface compartment had a net gain from the water and a subsequent net

o]

loss to the Elodea compartment. The net steady state content of the
container surface was 1% and occurred at 256 hours. The Elodea compart-
ment hod net geins Trom the water and container surface compartments.

60
Elodea sccumulated 64% of the ~ Co from the water compartment after 32

hours and an additional 1% from the container surface between 32 and
S , y cod 21d 60, o, .
128 hours. The soll compartment gained 31% of the ~ Co from the water

and both of these compartments reached a steady state after 64 hours.
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The changes which occurred with the addition of Elodea to the
physical microcosm can be related to surface area effects of Elodea.
Elodea accumulated 65% of the total 6000, which exceeded that accumulsted
by Nejas alone. Elodea with a greater surface area than Najas had a
greater capacity for accumulation. By reducing the quantity of 6000 to
ve distributed among the physical compartments, the time required to
steady state of the water and soil was reduced to 64 hours, L times earlier
than in the physical microcosm. The increased capacity of Elodea for
accumulation induced an additional pathway of net input from the container
surface, and delayed the time to steady state of this compartment. On the
basis of changes in pathway and distribution patterns and time to steady
state of the compartments, Elodea was the regulatory compartment.

The combination of Elodea and Najas with the physical compartments
resulted in no changes in the pathway patterns as compared to the
physical microcosm (Fig. Se, p. 80). However, the distribution pattern
and time to steady state of compartments were changed. The container
surface gained 9% of the 6000 from the water and reached steady state
by 64 hours. The Najas compartment reached steady state by 32 hours
with a net gain of 19% from the water. This quantity represented less
than one-half that of Najas alone and the time to steady state also was
reduced by one~half. Elodea reached steady state by 64 hours with a
net gain of 35% of the 6000 from the water. This quantity represented
slightly more than one-half of that when Elodea was alone and the time
to steady state was also reduced by one-half. The summatlion of the
60

Co content of Elodea and Najas represented 54% of the total, a

quantity less than that in Elodea alone, and more than that in Najas
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alone. In fact, this quantity was the same as the average calculated
from that in treatments of Elodea and Najas alone. The soll compart-
6
ment had a net gain of 344 of the OCO from the water and both of these
compartments reached steady state after 128 hours.
0 e 60
In the combination of BElodea and Najas, the pathway of — Co

. ) . 60
from the container surface to Elodea was zliminated and the Co content

of this contalner surface was similzr to that when Najas cccurred alone.
7~
60

The

Co content of the soil and water compartments was similar to that
in Elodea alone, but the time to steady state was the same as that in

Najas alone. The pattern of distribution was regulated by the Llodea

compartment and the time to steady state was regulated by the Najas com-
pertment. Since there were no new pathways of net loss, as compared to
the physical microcosm, the regulation of pathway patterns was by the
s0il compartment.

When Physa was combined with Najas there was a significant change
in distribution and pathways patterns (Fig. 5f, p. 80) and times to
steady state of the compartments. The contaiper surface had a net gain
from the water with a subsequent new pathway which represented a net loss
to the soil compartment. The content of this compartment at 512 hours
was T% and no steady state was reached during the experiment. The Physa
shells gained 1% of the 6000 from the water and reached a steady state
after 32 hours. The Najas compartment had a net galin from the water
followed by net losses to the soil and Physa body compartments. These
losses represented twe new pathways from the Najas compartment. Najas
had continued net losses of 6000 down to 14% at 512 hours and there was

no evidence that a steady state was being approached in this compartment.
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The Physa body compartment had a content of 0.7% of the 6000 at 512 hours

and this value was twice as great as that in Physa alome. This evidence
indicated that Physa had an additional imput from the Najas compartment.
There was an expected net loss of 6000 to the soil and the Physa body did
not reach steady state by 512 hours. The water compartment reached a
steady state by 256 hours with a net content of 1.5% of the 6000 at 512
hours. The soll, with the additional new imputs, did not reach a steady
state during the experiment and had a content of 75% of the 6000 at 512
hours.

The increase of net inputs to the soil compartment were related to

the interaction of Najas and Physa. In addition to the earlier effects

of Physa movement on the physical components, the snall also crawled
over the surface of Najas. There was no evidence that Najas tissue was
consumed by Physa, but microscopic observation of Najas indicated the
presence of periphyton. Thus, it is possible that the snails did consume
the periphyton and perhaps small amounts of Najas tissue. There were
other possible explanations for the increase of net pathways to the soil.
The increased surface area due to the comstant turning over of the soll,
plus the presence of snail fecal material, may have increased the
amount of 60Co in the soil. Since the container surface compartment
continued to show a loss without reaching a steady state, this hypothesis
is supported.

The condition of a steady state 6000 content, which was characteris-
tic of almost all compartments inm other microcosms, did not occur here
except 1in the water compartment. This imbalance of galns and losses,

shown by additiomal pathways of net loss, was the result of increased
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functional complexity. Thus, the regulation of distribution and pathway
patterns and time to steady state of compartments were regulated by the
binlogical interaction.

The combination of Elodea, Najes, and Physa with the physical com-

partments did not change the quality of results fromkthe Physa~Najas treat-
ment (Fig. 5g, p. 80). However, there were additional net inputs to the
s0il compartments and further changes in compartmental 6OCQ content and
times to steady state.

The conbtainer surface and Physa shell compartments each had a
pet gain from the water and a subsequent net loss to the soil. The net
loss from the Physa shell compartment represented a mew pathway. The
container surface had less than 1% of the 60Co and the Physa shell had
less than .5% 6000 after 512 hours. Nelther compartment reached a steady

state during the experiment. Both Najas and Elodea had & net gain from

the water compartment with 2 net loss to the soil. The net loss from
Elodea represented another new pathway of 6000 movement. Neither plant
compartwent reached a steady state by 512 hours and Elodea had 16% and
ggggg.lo% of the total 6000 at the end of the experiment. The water
cmmmﬂmmﬂ:madmdasmmmysumeaﬂmr32hmmsam1a6chmnmntof
1.6% at 512 hours. The soil had accumulated T0% of the total 6000 from
the various net inputs by 512 hours and did not reach a steady state during
the experiment.

The increased plant surface area in the Elodea compartment increased
the number of pathways of net movement, decreased the time to steady state

of the water compartment, and decreased the 60Co content of varlous com~

partments. The container surface and Physa shells had a lower 6000 content
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than that in previous microcosms and the shell compartment showed a new
pathway of net loss to the soil. These changes can be attributed to the
Elodea compartment apd its capacity for accumulation of 6000 since these
events did not occur when Elodea was absent. The content of the Najas
compartment at 512 hours was lower than that in Physa-Najas. This sug-
gests an effect of a greater accumulation capacity of Elodea for 60Co
and is analogous to the situation in Najas-Elodea. The rapid loss of

60

Co from the water compartment of this microcosm was a result of the

presence of Elodea ag this compartment had a much slower loss rate in
Physa-~Najas. Finally, the soil 6000 content at the end of the experi~
ment was less than that of Physa-Najas microcosms because of the accumu=-
. 60
lation of ~“Co by Elodea.
Although the presence of Elodea had a distinct effect on some
compartments, all the changes which occurred could not be explained by

the simple addition of Elodea to Physa and Najas. While the water com-

partment in Elodea alone had the fastest time to steady state (64-128
hours) this compartment of the current microcosm reached a steady state
in 32 hours, 2 to 8 times faster than in all other microcosnms.

The net loss from the Elodea compartment was a result of the Elodea-
Physa interaction. The possible explanations of this induced net loss
from Elodea were given earlier for the Najas compartment. In the case
of Elodea there was additional evidence that Physa was removing plant
tissue without ingesting it. In many instances, the lower leaves of the
plant axis were partially or wholly missing and inspection of the micro-
cosms revealed an accumulation of particulate green matter on the soil

surface. This indicated that the snails moved senescent plant organs to
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the soll compartment elther without ingesting them or by passing them
through their bodies without digestion and assimilation.

Thus, similar to the situation in the Physga-Najas microcosm, the
regulation of eoycling parasmebters was accomplished by the interaction of
the biological components. However, the comparison of this microcosm to
the Physa-Najas mlcrocosm showed that Elodea had a greater influence than

. 60, .
Najas on ~"Co cyecling.

The functional role o roOCosms

0

T the physical compartments in these mi
. . 60

can be discermed from the Co content and pasttern of movemsut through
these compartments (Fig. 3a~c, p. 21). The water compartment represented
2 medium through which the Co was distributed to the various microcosm
components. The combtalner surface agd so0ll compartments may be viewed as
sinks. The container surface represented a temporary siok as the ~7Co
associated with this compartment became available. However, the soil
represented a permanent sink. Of these compartments only the zoil had
a regulatory ro

The blological compartments (Fig. 3d-g, p. 21) had variable roles
which were specified by the different levels of complexity. The plant

- . . - v 601 s
compartment, alone or combined, accunulated ~Co and represented & sink.

The degree of accumulation or storags was related to surface area. The

. . 60
snail compartment alone did not accunulate large amounts of ~ Co but

I

through its churning effect on the soil and alner surface compart-

e

l¢]

on
ments, 1t altered the holding capaclty of the physical components. The
role of the snail was simllar to that of a catalyst.

The combination of plapts and the snail significantly altered the

roles played by either alone. The plants had heen sinks of (OCO with no
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k) ’ .

net losses, bubl when combined with the snail they showed net losses and

2 v
assumed the role of processors. The role of the snaill did not change

Py .3 JPEp o
£

when combined with plants, but its catalytic e

’

fect on 6OCo cycling was

veally enhanced as the steady state, characteristic of most compartments,

@

was disrupted.

i

The biological components occurring alone alwsys had a2 regulatory
role, which usuaily changed the distribution pattern or time to steady

state. When they were combined, patterns of distribution and pathways
o steady state were regulated by the functional inteyaction of
these biclogical components,

Tnereased compiexity both lncreased and decreased the Lime to steady

f these microcosms. The

o
f‘)—:’.
=
6]
k4
6]
2
&,
l“
D
o

water compartment geverally decreased wi

azed complexity and 6000 was most rapidiy cleared from the water in
vhe nost complex microcosm. The plants decreased the time to steady
state of the other comparitments, while the snail increased the
Additional complexity frow combining plants and animals resulted in
conditions in which nome of the compartments reached a steady stale

Radiocesium - The patiern of net 13705 movement through the physical
microcosm (Fig. 5h, p. 80) showed an imput and loss from the container
surface compartment. The container surface reached a steady state after
128 nours with a content of 2.7% of the 13703. The soil had net inputs
from the water and container surface and reached a steady state content
of 97% after 256 hours. The water reached a steady state between 6L and
128 hours with a final "5 /Cs content of . 3%.

The net loss from the container surface compartment to the soll com-
137

partment and the very low Cs content of the water showed that the
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pathway and distribution patterns in thls physical microcosm were regu-
lated by the soil compartment.

When Physa was combined with the physical components the pattern of
pathways to the soil was not changed (Fig. 51, p. 80). However, there

137,

were changes in time to steady state and distribution of s among the

137

compartments. The contalner surface reached a steady state Cs content
of 0.1% after 256 hours. Physa shells, which had net input from the water
and net loss to the soll, did not reach a steady state and had no
detectable 13705 at 512 hours. The Physa body compartment had a netb

gain from the water and loss to the soil. The snails did not reach
steady state and had a content of 0.08% of the l37Cs at the end of the
experiment. There was a conbtinual accunulation of 137Cs in the soil and
by 512 hours 99% of it was 1n the soil. The water compartment had =a
content of 0.39% of the 13703 by 512 hours and reached a steady state
between 64 and 128 hours.

The presence of Physa lowered the 13705 content of the container
surface and increased that of the soil. These effects can be attributed
to the "stirring" effect of Physa on these physical compartments as was
found in the 6000 experiment. Since there was no change in the pathway
pattern as compared to that of the physical microcosm, the soll still
regulated this pattern. However, Physa regulated both the pattern of
distribution and time to steady state of compartments.

The combination of Najas with the physical compartments effected
no changes in the pattern of pathways (Fig. 53, p. 80), but changes

occurred in time to steady state and 13705 content of microcosm comparte

ments. The container surface did not reach a steady state and had 0.79
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lB?Cs at 912 hours. Najas had both a net input from the water

1370

of the
compartment and a subsequent unet loss to the soil. Najas had a
content of .2% at 64 hours and did not reach a steady state by this time.
The soil did not reach a steady state and had a 13705 content of 98% at
512 hours. The water compartment reached steady state between 256 and
512 hours with a conmtent of 1% at 512 hours.

Najas had no large accumulation of l37Cs, but did increase the con-
tent of this radionuclide in the water as compared to both the physical
and Physa treatments. Also, the 13705 content of the container surface
compartment was reduced as compared to that of the physical mierocosm

1374

Since Najas accumulated little of the s, the effect of Najas of in-

creasing the water content of this radionuclide can be attributed to a

137,

rapid exchange of s btetween the water and Najas. Najas increaged the

time to steady state of the water compartment as compared to that of ihe
physical microcosm. Nelther the container surface nor the soll reached
a steady state in this microcosm, whereas in the physical microcosm
both compartments reached a steady state.

Since the pattern of pathways to the soll compartments was unchanged
ag compared to the physical microcosm, the soll regulated this pattern.
However, the pattern of radionuclide distribution and time to steady state
of the compartments were regulated by Najas.

The addition of Elodea to the physical microcosm had no effect on
the pattern of pathways of l37Cs to the soil (Fig. 5%, p. 80). However,
the time to steady state and 137Cs content of comparitments was affected.
The contalner surface 4did not reach a steady state and had a 13705 content

of 3% at 512 hours. Elodea had a net input from the water and a net loss
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to the soll. The 13705 content of Elodea was 1% at 128 hours and no steady
state was reached by that time. The soil did not reach a steady state

and had accunulated 95% of the 13703 by 512 hours. A steady state was
reached by the water between 64 and 128 hours and the comtent at 512 hours
was 1%.

The effect of Elodea in increasing the 13705

content of the water
over that of the physical microcosm was similar to the effect of Najas
on this same compartment. Tt is presumed that the mechanism was that
of rapid exchange of 13708 between Elodes and water. Elodea also reduced
the time to steady state of the walter compartment. ’The soil accupulated
less 13705 in this microcosm than in the physical microcosm and aeither
the soil nor the contalper surface comparbments reached a steady state,

a condition observed for both compartments in the physlcal microcosn.
Similar to the previous mlcrocosm with biological components present,

the soil regulated the pathway pattern and Elodea regulated the distri-

bution pattern and time to steady state of compartwents.

When Elodea and Najas were combined with the physical compartments,

there was no change in the pathway patterns (Fig. 51, p. 80), but there
were changes in the distribution pattern and time to steady state of
compartments. The contalner surface reached a steady state 13703 content

of 4ot after 128 hours. Najas and Elodea both had net input from bhe

water and net loss to the soll and neither reached a steady state. Najas

had & content of 0.14% of the 3Tcs at 64 hours and Elodea had 0.3% at
128 nours. The soil compartment accumulated 93% of the 1370q by 512 hours
and did not reach a steady state. The water compartment reached a

steady state between 128 and 256 hours with a content of 1% at 512 hours.
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The effect of the Flodea and Najas combination on the 13705 content
of the water was similar to that of each species occurring alone. The
time to steady state of the water was intermediste between that of either
species alone. The container surface compartment did not reach a steady

state when either Najas or Elodea occurred alone, but in this experiment

the container surface did reach a steady state and the l37Cs content was
greater than that when either species occurred alone.

As in the preceding microcosms, the soil compartment regulated the
pathway pattern. The time to steady state of compartments and the dis-

o 137

tribution o Cs was regulated by the interaction of the plant species.

The addition of Physa and Najas to the physical microcosm effected

no change in the pattern of pathways (Fig. 5m, p. 80), but the parsmeters

q 37

of time to steady state an Cs content of compartments were changed.

The container surface reached steady state at 256 hours with a content

of 0.1% at 512 hours. The Physa shells, which had input from the water and
loss to the soil, did not reach steady state during the experiment and

had a content of 0.1% of the 137Cs at 512 hours. DNo steady state was
reached by the Physa body compartment and continued net losses resulted

in a content of 0.1% of the 370 at 512 hours. Najas did not reach a
steady state by 64 hours and had a content of 0..4% of the 137Cs at that
time. The soil reached a steady state after 128 hours and had accumulated
98% of the total 137Cs by 512 hours. The water reached a steady state
between 128 and 256 hours and had a 137Cs content of 2% at 512 hours.,

137

The combination of Physa and Najas increased the Cs content of

the water over that when either species occurred alone and the time to

steady state was intermediate between that when either species occurred
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alone. The low content of the contaliner surface and the time to

steady state were similar to that observed when Physa cccurred alone.

137,
The presence of Physa served to reduce the BYCS content of the container
surface, and thus orovided an additional 1-2% of "available” 3(Ls The
increased content of the water probably resulted from a rapid exchange of

‘available” cesium between the water and plant compsriments.

Ag in previous microcosms, the net pathway was regulated by the soil.

r 13Tes

In general, the time to steady state and distribution o among com-

partments was regulated by the interaction of Physe and Naja

The ccmbiaation of Physa, Najas and Blodea with the physical com-

ponents had no effect on the pathway pattern (Fig. 5n, p. 80) and the

interaction among the blological components produced the same results as

137

did the Physa-Najas interaction except for the Cs content of Elodea and

Najas, and the time to steady state of the contalner surface compartment

Flodea had a “3(Cs content of .6% at 128 hours and Najas had .2%. The
container surface reached a steady state content of 0.6% of the 13703

after 128 hours. Thus, as observed in the results for Physa-Najas micro-
cosms, the soil regulated the pattern of pathways and the biological inter-
action regulated the distribution pattern and time to steady state of the

compartments.

p 137

Physical compartments had several roles in the cyeling o Cs in

the microcosms. The water compartment served as a medium through which

137,

was distributed to the other compartments and, when plants were
present, the water also served as the storehouse of available radiocesium.

137Cs and the

Container surfaces represented a temporary sink of available
magnitude of this sink changed with the various complexity levels. The

soll was a permanent sink of rsdiocesium. Of these physical components,
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the soil regulated the pattern of pathways among the other compartments
at all complexity levels.

All biological components had similar functional roles in the cycling
of 13703 in the microcosm. Plants, alone or combined, and the snail alone

137

increased the Cs content of the water. When the plants and the snail

137

were combined, the Cs content of the water was increased even more.

Since none of the biologleal components accumulated large amounts of
137Cs, the functional roles of these biological components were that of
processors. When one or more biological compartments were present, both
the pattern of distribution and time to steady state of compartments were
thereby regulated,

Cobalt-60 and 13703 cyceling was different in microcosms of similar
complexity and the cycling was affected differently by increased complex-
ity. 6000 and 137Cs cycling parameters were regulated by different com-
partments, or combinations of compartments, and the functional role of
a given coupartment was not always similar for the two radionuclides.

The pattern of pathways among compartments for 6000 and 13703 (Fig.
5, p. 80) was strikingly different in the microcosms. Radiocesium cycling
was characterized by pathways of net input and loss from all compartments
except the scoil and water. In 137Cs cycling, the number of non-soll com-
partments was equal to the number of net inputs to the soil compartment
and this 1:1 ratio was not changed with increased complexity. Cobalt-60
cycling was characterized by an increase in the number of pathways to
the soil compartment with an increase in functional complexity. When no

biological components were present, or if biological components with the

same functional role were present, the ratio of nonsoil compartments to
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the number of net inputs to the soil was 2:1 or greater. Thus, although
. 60 137 s . .

the behavior of Co and Cs was entirely different at the simpler

levels of complexity, in the higher complexity levels the patterns of

€0

Co pathways among compartments converged toward similarity to those of

13708.

60
The distribution of Co or 137

Cs was regulated by the biological
compartments or their interactions. The biological compeonents affected
the distribution of 13703 among all other compartments. However, the
effect on the soll content amounted to only a few percent of the total
137Cs. Ignoring the slight effect on the soil content, only about 5%

of the total 13705 was associated with nonsoil compartments. The dis-
tribution of this 5% was changed with an increase in functional complexity.
For the water compartment, the plants, either alone or combined, and the
gnail alone had a similar effect of increasing the quantity of 13705 in
the water. When functional complexity was increased, even more 13708

was maintained in the water. Bioclogical components had a relatively
greater effect on the distribution of 60Co among compartments, changing
the 6000 content of the soil by up to 50% of the total. Lower complexity
levels reduced the 6OC0 in the water. When functional complexity was
increased, the amcunt of 6000 maintained in the water was further de-

creased. Thus, idncreased complexity had opposite effects for 6000 and

13 1 . ;
3—{'Cs; the amount of 3705 in the water increased and the amount of 6OCO
in the water decreased. The net result of these changes 1n radionuclide
content of the water was to converge the amocunts of radionuclide until
. . 60 137 . .
the ratio of ~"Co to Cs was approximately 1. Comparison of the effect
of the biological components on the distribution of the radionuclides

p
O -
showed that ~ Co was affected to a much greater degree than was lj?Cs,
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The effects of increased complexity on the time to steady state
of compartments was different for the two radilonuclides. Increased com-
plexity decreased the time to steady state of 60Co in the water and in-
creased in the case of 137Cs. Radiocesium cycling through nonwater com-
partments was characterized by few steady state conditions for compartments
at the lower levels of complexity and by steady state conditions at the
higher levels of complexity. Radiocobalt cyeling through nonwater com-
partments was characterized by steady state conditions at the lower com-
plexity levels and few steady state conditions at higher complexity levels.
Increased complexity reduced the time to steady state of 13703 in compart-
ments and increased the time to steady state of 6000.

The functional roles of the microcosm components were not always

6

identical for OCo and 13705 cycling. The container surface and soil

compartments had similar roles for both 6000 and 13(Cs cyeling. The

60 137

water compartment served as a distribution medium for both Co and

Cs.
In the case © Cs, the water also served as a temporary reservoir or
pool. The plant compartments acted either as storehouses or processors

7 o
. 00 .1
in "“Co transfers, whereas in 31

Cs cyeling the plants had only the role
of processors. Physa acted both as a catalyst and processor in 6000
cycling and only as a processor in 13703 cycling.

The comparison of compartmental roles in the cycling of 13703 and
6oCo shows that 1) roles may be interchangeable between physical and
biological components (storehouse), 2) that the same component (plants,
snails) may have entirely different roles in the cycling of different

nuclides, 3) that the same component (water, snails) may have more than

one role in the cycling of a given nuclide, and L) that a role which is
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significant in the cycling of one nuclide may not even occur in the

cycling of another nuclide (catalyst).

Radiosensitivity of Organisms

In order to use radiation stress effectively as an experimental
parameter it is necessary to determine the radiosensitivity of the species
to be used. It was desired that the doses to the microcosms be sublethal,
but capable of producing effects which would range from no detectable
growth effects to inhibitory effects. Biologieal end points considered
were mortality, growth rate, morphologicsl change, and uptake and con-
centration of radionuclides.

Elodea ~ The effects of doses of 100, 400, and 100C rads of fast
neutrons were cbserved on Blodea cultured in spring water under the given
experimental conditions.

The growth and elongation pattern for the four treatments (Fig. 6)
showed ro essential differences among the treatments from O to 430 hours.
At this time both the controls and 100 rad treatment showed reduced growth,
while the plants receiving higher doses continued to grow.

A normal morphological development under the conditions of this
experiment was the formation of lateral shoots and roots on the Elodea
axis. This differentiation was followed for all treatments and the re-
sults (Fig. 7) showed that the 100 rad dose had no effect on the initia-
tion of lateral shoots, but did inhibit adventitious root formatlon for
75 hours. Ultimately, the 100 rad treatment limited adventitous root
formation to 60% of the value for the controls. The 400 and 1000 rad
treatments inhibited lateral shoot elongation compared to the controls.

However, the end point measurements of 80 and 90% indicated evidence of
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recovery from the radiation effect. Root formation on the Elodea axis
was inhibited during this experiment after doses of 400 and 1000 rads.
The uptake of 13705 by the control groups exceeded uptake by all
radiation treated groups, even during the early observations (Fig. 8).
During the first 200 hours of the experiment, the uptake curves for all
treatments were lower than the controls and were atatistically lower as
indicated by a "t" test for most of this period. After 348 hours, when
shoot-root initiation occurred in the controls and 100 rad treatment,
the 13705 concentration was observed to decrease with increased dose.
Considering the time of shoot~root initiation, the array of end
points for 13708 concentration may be the result of a difference in sur-

1374

face area and mitotic activity. However, the differences in Cs con~
centration before shoot-root initiation, at a time when elongation was
similar for all treatments, cannot be explained on the basis of differen~
tial surface area. The early differences can be atiributed to the effect
of radiation on mitotic rate or physioclogical mechanisms.

The uptake of 6000 (Fig. 9) was initially faster than that of 137CS.
At 64 hours there was little difference in the end point concentrations
for the control, 400, or 1000 rad treatments, all of which were higher than
the 100 rad treatment. A "t" test comparison of the control against the
100 rad dose showed that the end points were significantly different.

The uptake curves for each treatment showed the same pattern, but
the uptake rates and times of maximum concentration showed differences.
The lowest dose, 100 rads, had the earliest peak with a subsequent rapid
loss to a concentration less than the controls. The maximum and minimum

concentration of the 100 rad dose were tested against the controls for
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each hour using a "t" test which showed significant differences between
these treatments for most of the comparisons. The uptake rates of the
control and 400 rad treatment occurred later and was higher than that

of the controls. The initial uptake rates of the 100 rad treatment
appeared lower than the controls, and the first three points of the uptake
curve were statistically different from the controls. The maximum con-
centration of 6000 for this treatment occurred later than either the con-
trols or 400 rad treatment.

Since the major differences in uptake and concentration of 6000
occurred before shoot-root initiation, differences in surface area would
not account for them. A difference 1n mitotlc activity could be postu~-
lated as a causal factor. However, there was no evidence that such dif-
ferences existed as the growth and elongation of these plants during
this period were similar, since 6000 uptake rates for the 100 and 400 rad
treatments were similar to the controls.

Physa - Physa mortality in the Physa-Najas-Elodea combination after

fast neutron doses of 0, 100, and 1000 rads was caleculated for different
sample periods and for the entire experiment (Table 38). Comparing percent
mortality by sampling period, mortality occurred early in both radiation
treatments. At 256 hours, control mortality exceeded mortality at 100
rads, while mortality at 1000 rads exceeded both the controls and the
100 rad treatment. By 512 hours mortality at 100 rads exceeded controls
by 33%. Total mortality for the 100 rad dose exceeded controls by a
factor of 1.1 and the 1000 rad dose by a factor of 2..4,

Fast neutron doses of 100 and 1000 rads represented two radiation

treatments which can be considered different as a result of their effects
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Table 38. Physa Mortality in the Physa-Najas-Elodea
Combination

Dose(rad) 0 100 1000

Percent Mortality
by hour(Xij/IB)

32 00.00 00.00 00.00
64 00.00 00.00 11.11
128 00.00 5.55 5.55
256 00.00 16.66 36.88
S5lz2 22.22 33.33 55.55

Total Percent
Mortality 5.55 6.17 12.96
(EXij/l62)
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on Physa and Elodes. The 100 rad dose showed little effect on the growth
and morphology of Elodea. While Physa had an 11% higher mortality than
the controls at 100 rads, this dose had an effect which was essentlally
independent of events leading to death of the snails. Thus, the 100 rad
dose may be considered as sublethal. At 1000 rads there was a more notice-
able effect on Elodea,and Physa mortality was 33% higher than controls.
Therefore, the 1000 rad dose represented a radiatlon level considerably

more inhibitory to Flodea and lethal for 30% of the Physa population.

Radiation Effects on Organisms in Microcosms

Elodea - Initial dry weight measurements of Elodea in microcosms
with ¥lodea alone were converted to mg/individual. Mean values of 11.k,
11.6, and 11.9 mg/individual for treatments of 0, 100, and 1000 rads
were compared by analysis of variaunce which showed no significant dif-
ference. In a comparison of all means at 512 hours (Table 39) there
was no difference vetween the O and 100 rad treatments which were both
significantly higher than the 1COO0 rad treatment. A comparison of the
100 and 1000 rad dose showed that there was no significant difference
between the two means.

Initial mean weights for Flodea in combination with Najas and Physa

receiving 0, 100, and 1000 rads were 12.6, 7.6 and 9.51 mg/individual
with final weight values of 11.7, 8.9 and 8.9 mg/individual. An analysis
of variance showed no significant differences between initial and final
dry welghts for any treatment,

In microcosms with Elodea alone, the control plants had a constant
weight increase during the experiment. The plants receiving 100 rads
showed evidence of dry weight increase only after 128 hours and the plants

at 1000 rads showed no evidence of weight gains.
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Table 39, Duncan's Comparison of Final Weights of Elodea
(Flodea Alone) Among Radiation Treatments

Value of p 2 3
;.05 3.01 3.16
Ry, 1.88 1.97

Radiation

Treatment (rads) 1000 100 0
Mean

(mg/plant) 13.1 1h.1 16.0
Statistical

Significance




109

The lack of a difference between initial and final dry weights of
Elocdea in combination with Physa and Najas may have been partially due
to the presence of Physa. The lower leaves were missing from many stems
and cbservations of the microcosms revealed leaf fragments on the sgoil and
in the water. Also, in experiments where many replicabes were used, it

was possible to begin an experiment wherein the Tinal replicates of some

microcoasms had less plant mass than the initial veplicates of others
2

o

the result being no evidence of growth. This situation probably occurred
in these experiments since the mean dry weight for Flodea controls at 256
hours was 13.9 mg, which exceeded both initial and fipal dry weights.
Inspection of earlier welght values for the 100 and 1000 vad doses showed
no trend toward welght increase. Tt is believed that the corbination of
snail activity and the experimental error cited above masked a weight
gain in the Elodea controls.

Najas - Initial dry weights of Najas in treatments of Najas alone
of 3.2, 4.5 and 5.0 mg/individual were compared to final mean weights of
3.5, 5.5 and 4.8 mg/individual for treatments of 0, 100, and 1000 rads.
An analysis of variance showed no significant differences between initial
and final dry weights.

Najas in combination with Physa and Flodea had initial weights of 3.7,
3.4 and 3.4 mg/individual with final weights of 3.7, 3.4 and 3.4 mg/indi-
vidual for treatments of O, 100, and 1000 rads. Comparison of initial
and final dry weights by analysis of variance demonstrated no differences
between these values for any treatment.

Observations of Najas at each sampling period in each experiment

showed that the plants were elongating and otherwise growing during
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the experiment. Najas grew more slowly than Elodea in the culture tanks,

and the slow growth rate coupled with the low weight and high varisbility

among replicates contributed to the lack of statistiecal difference between
initial and final weights.

Physa - In the treatment of Physa alone, Physa mortality after doses
of O and 1000 rads of fast neutrons was calculated for different sample
periods and for the entire experiment (Table 40). Comparing percent
mortality by sampling period, mortality occurred early in the radiation
treatment. At 256 hours, control mortality exceeded mortality at 1000
rads, but by 512 hours mortality at 1000 rads exceeded controls by 11%.
Total Physa mortality for the 1000 rad dose exceeded controls by a factor
of 2.7.

Dry weight measurement of Physa (Physa alone) bodies which had re-

ceived O and 1000 rads of fast neutron radiation were converted to mg
dry weight per individual. A comparison of these weights was made among
radiation treatments and time periods. Individual weights were pooled
for sampling times up to 64 hours and compared to the weight values at
128, 256 and 512 hours. Duncan's test was used to compare mean weight
values within a treatment. The controls (Table 41) showed a significant
weight loss by 512 hours while the 1000 rads treatment had a significant
weight loss by 256 hours.

The same trend of welght loss al later observation periods was

seen in Physa (Physa-Najas-Elodea) for treatments of 0, 100 and 1000

rads. Comparing pooled observations between 2 and 64 hours to those at
128, 256 and 512 hours by Duncan's test (Table 42) showed a significant
weight decrease at 512 hours for controls while the 100 and 1000 rads

treatments had significant decreases by the 128th and 256th hour periods.
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Table LD, Physa Mortality in the Combination of Physa
Alone Among Radiation Treatments

Dose(rad) 0 1000

Percent Mortality
by hour(Xij/l8)

32 00.00 5.55
6L 00.00 2777
128 00,00 11.11
256 22.22 5.55
512 5455 16.66

Total Percent
Mortality 2.78 e
(FxX13/162)
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Table 41. Duncan's Comparison of mg Dry Weight/Ptha
Individual (Physa Alone) Among Time Periods
Within Radiation Treatments

Treatments Value of p 2 3 L

r_ .05 2.858 3.006 3.102

D
0 rads Rp 1.616 1.700 1.754
1000 rads 1.802 1.895 1.956
Time (hr) 512 256 128 2-6M
Mean (mg/
0 rads individual) 5.388 7.575 7.688 8.986
Statistical
Significance
Time (hr) 512 256 1.28 2-64
Mean (mg/
1000 rads individual) 6.616 8.078 10.585 11.778
Statistical

Significance
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Duncan's Comparison of mg Dry Weight/ggzég
Tndividual (Physa-Najas-Elodea) Among Time

Periods Within Radiation Treatments

Treatments Value of p 2 3 4
rp.OB 2.858 3.006 3.102
0 rads Ry, 2.065 2.172 2.242
100 rads By 1.421 1.49h 1.542
1000 rads Rp 1.456 1.531 1.580
Time (hr) 512 25 128 2.6l
0 rads Mean 5.40 10.83 11.51 12.85
Statistical
Significance
Time (hr) 512 256 128 2~64
100 rads Mean 7.57 8.55 9.51 11.06
Statistical
Significance
Time (hr) 512 256 128 2-6L
1000 rads Mean 5.17 6.05 6.65 8.05
Statistical

Significance




11k

The consideration of welght change gives some indication of degree
of metabolic disturbance. Populations of Physa could be maintained in
the laboratory for about 20 days at which time a large portion of the
population died. Thus, the weight loss in the controls at 512 hours
was not unexpected. The significance of the radiation effect is not,
therefore, in weight loss but rather in the time that welght losses

occurred.

Radiation Effects on 6000 Cycling

kElodea alone - The general pattern of 6OCO flux through the micro-
cosms containing only Elodea (Fig. 10) showed no change within a compart-
ment among radiation treatments. However, the radiation treatments did
appear to affect the rates of 6000 flux, the 6000 content of a compart-
ment, and delayed the occurrence of steady states and maximum concen-
trations in compartments.

The pattern of 6OCo flux from the water compartment (Fig. 10a) was
similar for all treatments, but more 6000 remained in the water in the
100 and 1000 rad treatments. The comparison of initial 6000 loss rates
from the water compartment by Duncan's test showed no difference among
treatments. However, the loss rates of -24.55, -22.22 and ~20.28%/ln hr
for doses of 0, 100, and 1000 rads showed a consistent trend of decrease
with increased radlation stress.

Although 60Co content of the water compartment at 100 and 1000 rads
remained higher than that of the controls through 256 hours, the differ-
ence among the treatments became less as the water compartment approached
a steady state content. A comparison of the 60Co content of the water

compartment at 512 hours (Table 43) showed that the 100 and 1000 rad
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6
Duncan's Comparison of OCo in the Water

Table 43,
Compartment (FElodea Alone) at 512 Hours
Among Radilation Treatments
Value of p 2 3
5,05 3.014 3,160
Rp 0.73 0.076
Treatments 0 1000 100
(rad)
Mean 2.80 3.03 3.73
Statistical

Significance
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treatments formed a nonsignificant subset with a significantly higher
60 . . ; +
Co content than the controls. The 1000 rad and O rad treatments also
. o ‘n 60
formed a nonsignificant range with a lower ~ Co content. Although there

was a statistical difference among these compartments at 512 hours, the
P - >

important point is that there was only a difference of 1% betwsen the

compartment was similar among trestments at 512 hours.
60, . . . o o s . .
Tosses of ~ Co from the waber compartment in the irradisted micro-
. . , 60
cosms were not as rapid as those firom the control microcesm and the Co
content of the water compartments in the radiation treated microcosus
remzined higher than that of the controls through 256 hours. However
a3 this compartment approzched a steady state at 512 hours, the differ-
ence among the treatments was reduced. Thus, although the radiation
, R . . 60 o
stress caused an initial perturbation of the Co movements in the walter
there were no effects oun the pattern or final content of the water com-
partment.
. 60 . . _ P
The ~ Co flux pattern into the soil compartment (Fig. 10b, p. 115)
was gimilar for the O and 100 rad treatments in that both compartments
. s 60 .
had an initial uptake of Co and reached a steady state content al about
64 hours. The soil compartment of the 1000 rad treatment had a similar
initial uptake and then a slower uptake phase which lasted through 512
60, . -
hours. No steady state Co content was reached by this compartment
during the experiment.
60, .
The net Co uptake rates of the soll compartment were compared among

radiation treatments (Table L44). The results showed that treatments of

100 and 1000 rads formed a nonsignificant subset wilth significantly higher
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Duncan's Comparison of 6000 Uptake Rates
of the Soil Compartment (Elodea Alone)
Among Radiation Treatments

Value of p 2 3
rp+05 3.085 3.225
R 2.6 2.
D 3 [Z
Treatment o) 100 1000
(rad)
Mean(beta) 6.95 9.16 9.85
Statistical

Significance
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60

uptake rates than the contrels. The radiation stress increased the Co
uptake rate of the soil compartment.

The radlocobalt content of the scil compartment in the radiation
treatments appearsd to be higher than that of the control treatment at
5312 hours. A comparison among the treatments (Table 45) showed that the

s - R, - 60,
1000 rad treatment accuvmulated significantly move Co than the O or 100
rad treatments. The control and 100 rad treatments formed a nonsignifi-
cant range with the lower content. Although of no statistical signifi-
+7 2 7 60 i
cance, the 100 rad treatment had more Co than the controls. These data
e e 60, . . . . .

showed a bLrend of increased Co content in the soll compartment with in-
creased radiastion stress.

The radiation perturhation initially resulted in increased uptake
rates of the soil compartment. However, the lower dose treatment reached
a steady state content about the same time as the control treatment. In
the case of the 1000 rad treatment, the radiation delayed a steady state
in the soil compartment until 512 hours or later. Radiation stresgs in-

60 ) ; , . sl .
creaged the Co content of the soil compartment in these microcosms.
60

The Co flux through the container surface compartments (Fig. 10c,
p. 115) was similar for all treatments. Radiocobalt content of the con-
tainer surface compartment in the control treatment was at a maximum by 2
hours. However, maxima were reached in the 100 rad treatment only after
16 hours and in the 1000 rad treatment after 64 hours. The maximum con-
tent was maintsined from 2 to 32 hours in the control, 16 to 64 hours in
the 100 rad treatment and 6L to 256 hours in the 1000 rad treatment.
Thus, while the pattern was not changed, increased radiation stress de-
layed the times at which maxima cccurred and increased their duration

time in the container surface compartment.
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6
Takle 45. Duncan's Comparison of OCo in the Soil
Compartment (Elodea Alone) at 512 Hours
Among Radiation Treatments

Value of p 2 3

ry-05 3.01k 3.160

Ry 6.06 6.36

Treatment 0 100 1000
(rad)

Mean (%) 30.69 35.64 Lh,21
Statistical

Significance




121

The magnitude of the maximum 6000 content of the container surface
compartment varied among treatments. A comparison of the maxima (Table
46) showed that the 1000 rad treatment accumulated significantly more
6OC0 than the other treatments which formed a nonsignificant range. The
maximum content of the 100 rad treatment was higher than that of the
controls, even though not statistically so. These data showed that in-
creased radiation stress increased the maximum 6000 content of the con-~
tainer surface compartment.

While the container surface in a2ll freatments had a net loss of
6000, the time at which a minimum steady state content occurred increased
with the radiation stress. In the control treatment this steady state was
reached by 256 hours. The steady state minimum was apparently reached by
512 hours in the 100 rad trestment but in the 1000 rad treatment it was
delayed until after 512 hours. The increased radiation stress delayed
the oceurrence of a steady state minimum in the container surface com-
partment.

The 6OC0 flux pabtern of the Elodea compartment (Fig. 10d, p. 115)
was similar for all treatments. After a period of uptake, a maximum 6000
content was reached and maintained as a steady state for the duration of
the experiment. The maximum 6000 content of the FElodea compartment was
reached between 32 and 64 hours for the control treabment. The steady
state maximum was delayed to 256 hours in the 100 rad treatment and to
128 hours in the 1000 rad treatment. The fact that the 100 rad dose de~
layed the steady state maximum longer than the 1000 rad dose suggests that
there may have been recovery from the effect of the 100 rad dose. 1In
addition to the delay in reaching a steady state maximum, the quantity

50

of Co at this steady state was decreased with radiation stress.
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. 60 . .
Tavle U6. Duncan's Comparison of Co Maxima on the Container
Surface (Flodea Alone) Among Radiation Treatments

Value of p 2 3

rp.O5 3.014 3.160

Ry, 3.11 3.27

Treatment 0 100 1000
(rads)

Mean 2.60 4.23 9.06
Statistical

Significance
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The initial net uptake rates of the Elodea compartment were compared
among treatments (Table 47). The upteke rate of the control treatment
was slgnificantly higher than those of both the 100 and 1000 rad treat-
ments, which formed a nonsignificant range. The 100 rad dose appeared
to be a threshold for this effect on the uptake rate as there was no
statistical difference between the rates at 100 and 1000 rads. These
data showed that the radiation stress decreased the uptake rate of the
Flodea compartment.

The 6000 content of the Elodea compartment was compared among radila-
tion treastments (Table 48). The results showed that in the control treat-
ment, Flodea accumulated significantly more 6OCO than in the 100 rad
treatment, which accumulated significantly more 6000 than the 1000 rad
treatment ., Increased radiation stress decreased the steady state maximum
content of the Flodea compartment.

In the non-irradiated microcosms in which Elodea occurred alone,

the plant regulated 6000 vathways and distribution pattern and the time

ct

to steady state of compartments. The functional role of Elodea was the
-~ 60 . 60, .
of a storehouse of Co. Thus, any changes in the Co flux through the
Elodea compartment will be reflected by changes in other microcosm com-
ponents.
N . 60 .

Radiatlon stress affected all the parameters of =~ Co c¢yecling. In

e . PR 47 60 1 .
the 100 rad treatments, the pathways of Co from the contalner surface
to Elodea was utilized, but a new pathway from the container surface to
the soil compartment was evident (Fig. lla,b). After treatment with 1000

rads, the pathway from the container surface to Elodea was lost and only

the net pathway from the container surface to the soil was evident
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Table 47, Duncan's Compasrison of 6OCo Uptake Rates of the FElodes
Compartment (FElodea Alone) fmong Radiation Treatments

Value of p 2 3

rp.05 3.033 3.178

R'P 10.34 10.84

Treatment 1000 100 0
(rads)

Mean(beta) 9.30 10.31 17.36
Statistical

Significance
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Table L&, Duncan's Comparison of 6000 in the Elodea Compartment
(Elodea Alone) at 512 Hours Among Radiation Treatments

Value of p 2 3

rp <05 3.014 3.160

Rp 5.8k 6.13

Treatment 1060 100 0
(rads)

Mean (%) b6 .1k 59.28 65.44
Statistical

Significance
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Figure 11. The pattern of net 6000 flux among miecrocosm compart-~
ments as affected by fast neutron radiation.

(a~c) Elodea and physical component s
(a-r) Najas and physical components

(g-1) Physa, Najas, Flodea and physical components

The area of the circles represents the percent 6000 in the compart-
ment at the end of the experiment. The broken lines show pathways which

did not ocecur in the control experiment.
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(Fig. 1lc). Thus, radiation treatment resulted in a new pattern of
pathways of 6000 movement among compartments.

The pattern of distribution of 6000 among the compartments also
changed (Fig. lla-c). Elodea had decreased accumulation and the con-
tainer surface and soil compartment had increased accumulation with
increased radiastion stress. Final 6000 concentrations in the weter com-
partment varied less than 1% among treatments and were independent of
radiation stress.

The time to steady state (5% remaining) in the water compartment
was increased with increased radiation stress. In the controls the
water compariment reached steady state between 64 and 128 hours. After
doses of 100 and 1000 rads, steady state conditions were delayed to
between 200 and 512 hours. The time to steady state of the other come
partments was previously discussed, and in all cases, radiation increased
the time to steady state conditions.

These results showed that the regulatory role of Llodea was signifi-
cently lessened by sublethal radiatlon stress. Increased radiation stress
decreased the net accumulation rate of Elodea, thereby changing the pat-
terns of distribution and pathways of 60Co and the time to steady state of
compartments.

Fast neutron radiation did not change the functional roles of the
microcosm compartments from that described earlier for the non-irradiated
microcosm. However, the water compartment assumed an additional, new role
in the irradiated microcosms. The decreased net accumulative capacity of
Elodea after radiation stress, created an "excess'" amount of 6OC0 in the

other microcosm compartments as compared to the controls. This "excess”
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was available for distribution among compartments and the changes which
occurred in the distribulion and pathways patterns were related to dis-
tribution of this "excess".

In the 100 and 1000 rad treatments, the 6000 content of the water
compartment exceeded that of the controls between O and 256 hours. The
the water was similar for both radiation treatments.
From 256 to 512 hours 6000 content of the water decreased continually

amount of "excess' in

until it was similar to the controls at 512 hours. The "excess" had
moved from the water to other compartments in the irradiated microcosms.

Beginning as early as 8 hours, the container surface compartment in
the 100 and 1000 rad treatments showed an increased 60Co content over the
controls (Fig. 10c, p. 115). 1In the 100 rad treatment the 6000 content of
the container surface reached a maximum by 16 hours and remained at steady
state through 64 hours. TIn the 1000 rad treatment, uptake to a maximum
continued to 6l hours with a steady state prevailing through 256 hours.
While some of the "excess” 6OCo remained in the water compartment during
the early part of the experiment, part of it moved into the container
surface compartment (Fig. 1llb,c, p. 126).

During the time period from O to 16 hours the amount of 6000 in the
soil compartment was similar for all treatments (Fig. 10b, p. 115). None
of the "excess" 6OC0 moved into the soil compartment. At 32 hours, the
60Co content of the soil in the 100 and 1000 rad treatments was higher
than that of the controls. The soil compartment of the controls and 100
rad treatments reached a steady state at about 64 hours. Thus, between
16 and 64 hours part of the "excess" 6OCo in the water compartment of the

100 rad treatment moved into the soil compartment. The soil compartment
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of the 1000 rad treatment did not reach a steady state during the experi-
ment, indicating the "excess" 6oCo in the water must have moved continu-
ously into the soll compartment.

In the controls a net 6000 loss followed the pericd of steady state
maximum in the container surface compartment, while the water compartment
i

represented 4, of the total OCo which appeared as a gain of approximately

also continued to lose 6000 . 102,c, p. 115). Together, these losses

o5

O\~~~

4% in the Elodea compartment between 64 and 128 hours (Fig. 104, p. 115).
In the 100 rad treatment, a steady state maximum in the container surface
4

compartment extended to &4 hours, after which time a net loss of OOCo
from this compartment extended to 512 hours. The water compartment also
had a loss between 64 and 256 hours and the total loss from both water and
container surface compartments was 8%. As in the controls, these losses
appeared as gains in the Elodea compartment up to 256 hours (Fig. 1ib,

p. 126). After this time, losses from the container surface and water
moved into the soil compartment (Fig. 1ib, p. 126). For the 1000 rad
treatment, the container surface compartment was at a steady state maxi-

60,

mum until 256 hours, after which time there was a net loss of b T Co.

o
—E

L5
.60, . .

The water compartment was also losing Co after 128 hours. The total
loss from these two compartments from 128 to 512 hours was 6.5%. Unlike
conditions in the controls and 100 rad treatments, this additional loss
was not reflected by a gain in the Flodea compartment, but appeared as
2 gain in the soil compartment {(Fig. 1lle, p. 126).

1 3 > g i " 60

The detalled analysls of the net movement of the "excess Co demon-
strated an additional new role of the water compartment asg that of a

. . 60 .
temporary storehouse of readily available Co. The importance of the
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. . 60
role of the .container surface as a temporary sink of ~Co was also demon-
e ama s . 60 s
strated in that increasing amounts of Co were stored on the container
surface with increased radiation stress.
60
Functional roles which provide for temporary storage of = Co may be
of ecological importance as a mechanism contributing to the homecstasis
of distribution and pathway patterns within the microcosm. IHomeostasis
of patterns occurred in the microcosm receiving the 100 rad dose. Flodea
4+ X M " 60 . . "
accumilated most of the excess Co which had been stored in the water
and container surface cowpartments, with the result that the pattern of
L : PR 4 < 60 4 $ S 1
distribution and pathways of Co among compartments was similar to that
of the control treatment. Thus, the compartments of temporary storage
represented a homeostatic mechanism in that they provided a means through
> 4.1 PR 3 3 2 -4 60 4.
which the pattern of distribution and pathways of Co among compartments
could be maintained. Although the same homeostatic mechanism was opera-
tive in the 1000 rad treatment, FElodea was unable %o accumulate much of
e - 1" 1" 60 i - . . . . . Y -
this “excess Co. This condition resulted in a significant change in
N P N 60 . .
the distribution and pathway patterns of Co among compartments. The
new role of the water as a temporary storage compartment contributed to
the preservation of the pathway pabtern as will be shown later for the
Najas microcosm.
s . 60 . .
Radiation stress perturbed ~ Co cycling in the Elodea microcosms
as demonstrated by changes in the cycling parameters. These changes in
eyeling parameters were related to the effect of radiation on the uptake
rate and possibly the accumulative capacity of Flodea. A tendency toward

homecstasis of the distribution and pathway patterns was demonstrated for

the 100 rad treatment, but did not occur in the 1000 rad treatment.
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. s 60 .
The mechanisms of homeostasis with regard to Co cycling were related
60
to temporary storage of = Co in the physical compartments and the capacity
of compartments to play dual roles in element transfers.
. w 60, o
Najas alone - The pattern of = Co flux through the microcosm com-
partments (Fig. 12) showed differences among radiation treatments in all
except the water compartment. The initial compartmental uphtake or loss
rates were similar for all radistion treatments. However, there were
. on R 4n ) 60
differences among radiastion levels in the amount or flux pattern of ™~ Co
in compartments.
60 60
The ~ Co loss pattern and the amount of ~Co in the water compartment
were similar for all treatments (Fig. 12a). There was a rapid decline in
60'1 - - s - 2 1
the (o eontent of the water compartment to 64 hours which was followed
by a slower decrease from 64 to 512 hours, at which time the compartment
60
apparently reached a steady state. Loss rates of = Co from the water
compartment varied between -19.8 and -22.0%/1n hr and were not stabis-
60
tically diffierent. The quantity of ~ Co in the water compartment at 512
hours varied between 2.7 and 2.6% with no statisbical difference among
the treatments. These data show the water compartment to bte independent
of radiation effects.
o . .. 60 .
The soil compsriment had a pattern of rapid (o uptake to 64 hours
for all radiation treatments (Fig. 12b). In the controls, there was a
slight net gain to 128 hours after which time this compariment appeared
to be in a steady state. Both the 100 and 1000 rad treatments showed
. 60, s . - . ;
continued Co uptake into the scll compartment to 128 hours. After this
7

. - 3 - . 60 .
time the trend of both uptake curves suggested additional net Co gains.

60 . . -
The uptake rates of ~ Co by the soil compartment varied between 9.75 and
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10.07%/1n hr and were not statistically different. The 6000 content of
the soil at 512 hours was compared among radiation treatments (Table L49).
The results showed that the 100 rad dose effected the highest 6000 content
in the so0il compartment and the 1000 rad dose resulted in a significantly
higher 6OCO content in the soil compartment than in the controls. The
effect of radiation stress on the soil compartment was a change in the
flux pattern of 6000 which resulted in higher 6000 accumuwlation in the
soil.

The pattern of’6OCo flux through the container surface compartment
(Fig. 12c¢, p. 132) was that of a rspid initial uptake to & maximum by 32
hours. In the controls, the container surface reached a steady state con-
tent between 32 and 64 hours which extended to 512 hours. For the 100 and
1000 rad treatments there was a net loss of 6000 from thils compartment
after 32 hours which continued to 512 hours. The initial net uptake
rates varied from 1.20 to 2.65%/ln hr and were not statistically different.
The maximum.6OCo content of the container surface compartment was not
statistically different among radiation treatments. However, the compari-
son of the 60Co content of this compartment at 512 hours (Table 50) showed
that the controls had significantly more 6000 than the 100 and 1000 rad
treatments, while the 1000 rad treatment had significantly more 6000 than
the 100 rad treatment. These results indicated that radiation stress
changed the flux pattern of 6000 in the container surface compartment.

The pattern of 6OCo flux through the Najas compartment (Fig. 124,

p. 132) showed a period of rapld uptake to 64 hours for all treatments.

In the controls there was a slower uptake to 128 hours after which time

the Najas compartment appeared to be in a steady state. For the 100 and
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Table 49, Duncan's Comparison of Co in the Soil Compartment
(Najas Alone) at 512 Hours Among Radiation Treatments

Value of p 2 3

r,.05 3.01L 3.160

Ry 7.95 8.34

Treatment 0 1000 100
(rads)

Mean h2.34 50.92 59.78
Statistical

Significance
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- . 60, . .
Table 50. Duncan's Comparison of 7 Co in the Container
Surfsce Compartment (Najas Alone) at 512
Hours Among Radiation Treatments

Value of p 2 3

ry.05 3.01k 3.160

Rp 2.42 2.54

Treatment 100 1000 0
(rads)

Mean (%) 2.3k 5.32 8.37
Statistical -

Significance
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1000 rad treatments there was also a period of slower uptake which con-
tinued to 256 hours. After 256 hours there was an apparent net loss of
6OCo from the Najas compartment.

The comparison of initial 6OCo upteke rates of the Najas compartment
by Duncan's test showed no significant difference among treatments.
However, the rate of 9,80%/1n hr for the controls was higher than that
of approximately 8.00%/ln hr for the microcosms at 100 and 1000 rads.
These data suggested that the radiation stress reduced the uptake rate.

The OCo content of the Najas compartment at 512 hours was cowmpared
among radiation treatments (Table 51). The results showed that the con-
trol and 1000 rad treatments formed a nonsignificant range and contained
significantly more 6OC0 than the 100 rad treatment.

The Najas compartment has been shown to be coupled to the physical
compartments and it regulates both the pattern of distribution and the
time to steady state of compartments. Therefore, a radiation stress
which affects 60Co flux through the Najas compartment will also cause
changes in 60Co cycling through the physical compartments.

The pattern of distribution of 6OC0 has already been shown to change
with radiation stresas. TITncreased radiation stress was shown to decrease
the final 6OCo content of Najas and the conbainer surface and increase
the content of the soil compartment. The final 6000 content of the water
compartment was independent of radlation stress.

The time to steady state of most compartments was shown to be increased
with inereased radiation stress and the soil, the container surface, and
Najas compartments did not reach a steady state after treatment with 100
or 1000 rads. The water compartment reached steady state (5% remaining)

after 256 hours in all treatments.
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Table 51. Duncan's Comparison of Co in the Najas Compartment
(Najas Alone) at 512 Hours Among Radiation Treatments

Value of p 2 3

rp.05 3.01L 3.160

Ry, 8.549 8.91

Treatment 100 1000 0
(rads)

Mean(%) 35.03 W .07 46 .67
Statistical

Significance
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The pattern of net Co pathways among compartments was changed
after a radiation stress (Fig. 11d-f, p. 126). Two new pathways leading
from the container surface to Najas and to the soil compartment occurred
in both the 100 and 1000 rad treatments.

These results showed that the regulatory role of Najas in 6OCo
cycling was changed. Although the accumulatilon rate of this plant appeared
to have been reduced after radiation treatment, the regulatory role of
Najas was enhanced. In addition to the regulation of the pattern of
final distribubion and time to steady state of compartments, Najas also

. . 60
regulated the pathway pattern of Co among compartments.

The radiation stress did not change the functional roles of the
various microcosm compartments from that described earlier for the
control microcosms. However, the radiation stress demonstrated the
L SN e A Fal . . . . . 60 .
importance of temporary storage as a regulating mechanism in ~ Co cycling.
The decreased accumulation rate of Najas after radiation treatment created

T " o 60 L3 4-1 1 4 ) >
an ‘'excess amount of Co 1in the other compartments of the microcosm
as compared to the control. The fate of this "excess” was related to
the change in pathways and distribution patterns.
. 60 _ , . .

Since the Co content of the water compartment at any time during

the experiment was similar for all treatments (Fig. 12a, p. 132), most of
60 . . .

the "excess" ~ Co must not have remained in the water. The soil coupart-
ment of the irradiated microcosms had a greater 6OC0 content than that of
the control beginning as early as 8 hours (Fig. 12b, p. 132) and since

. 0 .
the container surface accumulated no more 6 Co than the control, this
excess 6000 apparently moved to the soil. The continued rapid uptake by
irradiated Najas between 32 and 256 hours resulted from the movement of

6OCO from the water and container surface compartments into Najas
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The change in the 6000 flux pattern of the Najas compartment stressed
the 6OCO relations among compartments. The "excess” 6000 immediately moved
into a permenent sink, leaving the only available 6000 in the water and
container surface compartments. The accumulation of this 6000 into the
Najas compartment effected the change in the pattern of distribution and
pathways of the container surface compartment.

The physical compartment's role of temporary storage of 6000 in the
Najas microcosm provided a mechanism by which Najas could accumulate the
eyxpected amount of thils radionuclide even though the net accumulation rate
of the plant was apparently reduced. The change in the pathway pattern
of a physical compartment was the mechanism maintaining homeostasis of
the biological component.

Radiation stress perturbed 6000 cycling in Najas microcosms as
demonstrated by changes in cycling parameters. The changes were related
to the effect of radiation in altering the flux pattern of 6000 to Najas,
without reducing its accumulative capacity. The lack of adequate tem-
porary storage of 6000 in the water compartment and the continued "demand"
of 6000 by Najas created new pathways of 6O(,‘o from the container surface
compartment. Temporary storage of 60Co in the container surface compart-
ment was shown to be a homeostatic mechanism for the biological compart-
ment.

Physa alone - The fiux of 60Co through the microcosm compartments
(Fig. 13) showed no differences in patterns between the controls and the
1000 rad treatments. Both flux rates and content in a compartment were

similar between treatments and there was no indication of temporal dif-

(
ferences in the flux of )OCO through a compariment.
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The flow of 6000 from the water compartment (Fig. 13a) had a pattern
of rapid loss to 128 hours with a more gradual loss from 128 to 512 hours,
at which time a steady state was reached. There was po statistical dii-
ference between loss rates or the steady state coptent of the water cowm-
partment, and the 6000 content wag similar at all observation periocds
throughout the experiment. These data gave no indication of radiation
affects on the water compartment.

Both the control and the 1000 rad treatwment had s net iucrease in
the 6000 content of the soil compartment until 128 hours, at which
time this compartment reached a steady state content (Fig. 13b). There
was no statistical difference between soll uptake rates. The 6000 con-
tent of the soil compartment was similar at each observation period and
a comparison of 6000 in soil compartments between 128 and 512 hours
showed no statistical difference between treatments. There was no
evidence of a radiation effect on the soil compartment from these data.

The behavior of 6000 in the container surface compartment (Fig. 13c)
showed a period of uptake to & maximum at 64 hours after which there was
essentially no change. The maximum 6OCo content of 7.5% in the 1000 rad
treatment was statistically higher than the 3% in the control. A com-
parison of the 6000 content of this compartment between the treatments
at 512 hours gave results similar to the comparison of the maximum con-
tent. However, the behavior of 6OCO in the container surface compartment
wag erratic for the 1000 rad treatment. Although it had a higher 6000
content than the control, the erratic behavior plus the small dlfference

of 3% between treatments suggests that radiation effects here were

either nonexistent or of little consequence.
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The Physa shell compartment had a similar 6OCO behavior pattern
in both treatments (Fig. 13d, p. 140). A period of uptake to a maximum
content wag followed by a steady state of this meximum at 512 hours. A
comparison of the uptake rates between treatments showed no statistical
difference. Although a gtatistical difference can be obtained in a
comparison of the 6000 content of these compartments at 512 hours, the
relatively erratic behavior of this compartment precluded a valid com-
parison at any one point. These data were presumed to represent fluctu-
ation about a steady state content which at most would have a difference
of less than 1.5% between treatments.

The flux of 6000 through the Physa body compartment (Fig. 13e, p.
140) was similar for both treatments. There was a period of uptake
to a meximum content at 32 hours and this level was maintained to 128
hours. After 128 hours there was a net loss of 6000 from Physae bodies
which continued through 512 hours. There was no statistical difference
between treatments in uptake or loss rates, maximum 6OCo values or
content at 512 hours. That the Physa body compartment at 1000 rads
had consistently lower 6000 content than that of the comtrol suggests
that the 6OCo content of the irradiated Physa body was lowered as a
result of the radiation treatment. However, the difference belween
treatments is less than 0.5%. These data do not show any statistically
significant effects on the Physa body compartment.

Physa-Najas-Elodea -~ The pattern of 6000 flux through each compart-

ment (Fig. 14) was similar among radiation treatments, except for the
container surface, the Physa shell, aund the Najas and Elodea compart-
ments. However, there vere differences among uptake and loss rates as

well as 6000 content of a given compartment among the treatments.
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The water compartment of all treatments had an initial period of
rapid 6000 loss for 32 hours (Fig. 1ka). Duncan's comparison of the
rate of loss among treatments showed no significant difference among
treatments. The calculated loss rates decreased from -26.29%/ln hr for
the controls to -22.26%/1n hr for the 1000 rad treatment which suggested
a possible radiation effect. The 6000 content of the water compartment
in the 100 and 1000 rad treatments was consistently lower than that of
the control up to 6k hours. At 128 hours there was only a 2% difference
in 6000 content among treatments and between 256 and 512 hours all
treatments had a similar content varying between 1.5 and 2.0%. A com-
parison of the 6OCO content of the water compartment among treatments
showed no statistical difference. The 6000 content of the water compart-
ment in irradiated microcosms was higher than that of the control at
first, but there was no difference in the time at which steady state
occurred on in the steady state 6000 contents of the water compartment.

The 6060 flux pattern through the soil compartment of all treatments
(Fig. 14b, p. 143) showed a period of rapid uptake to 128 hours, with
a constant but slower uptake from 128 to 512 hours. During the period
from O to 64 hours the 6000 content of the soll compartment was similar
for all treatments. After this time there was a marked reduction in
the content of the soil compartment at 1000 rads. The uptake rates
were compared among treatments by Duncan's test. Although no significant
difference was indicated, the control and the 100 rad treatment had rates
of 12.07%/1n hr as compared to 9.32%/In hr for the 1000 rad treatment.
The comparison of 6000 in soll at 512 hours (Table 52) showed that the

control accumulated more 6000 than the 100 rad treaiment and these two
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Table 52, Duncan's Comparison of 6000 in the Soil Compartment
(Physa~Najas-Elodea) at 512 Hours Among Radiation

Treatments
Value of p 2 3
ry,-05 3.01% 3.160
Rp 9.31 9.76
Treatment 1000 100 0
(rads)
Mean 52.05 65.75 69,86
Statistical

Significance
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‘oo . . 60
treatuents formed a nonsignificant range with significantly more Co
. : S o 60
than the 1000 rad treatment. There was no radiation effect om the Co
flux pattern of the soll compartment and no statistical difference among
N . . 60
uptake rates. Initlally, there was mo difference in = "Co comtent of the
soil compartment swong treatments but by 512 hours, the data showed a
trend of decreased content with increased radiation stress.
i 60, . , "

The pattern of ~ Co flux through the container surface compartment
(Fig. lhe, p. 143) was similar for the O and 100 rad treatments with a
period of uptake to maxima followed by & slight loss to a steady state
content. The 1000 rad treatment had a similar initial uptake, followed
by another slower period of uptake to 256 hours, after which there was

P - 60 £ 1 A7 = $ o
1o apparent changs in ~ Co content through 512 hours. Thers was no
60
statistical difference among uptake rates or among the maximum =~ Co con-
; ; P . ~ 60, N
tents of this comparunent. The compariscon of Co conbtent at 512 hours
(Table 53) showed that the comtainer surface at 100 rads accumulated
Ld Lea X} 1 60” I, -+ Al L g 1,

significantly more Co than the O and 1000 rad treatments which formed
a nonsignificant range.

The results for the container surface compartment showed a radiation
60
effect on the Co flux pattern in the 1000 rad treaitment. There was no
N 4. 3 2~ - As e L 60 BN - .
statistical difference among the uptake rates or maximum  Co contents
of the container surface compartment, but in the 100 rad treatment
e 60 . .
this compartment accumulated significantly more Co than the other treat-

5

ments. However, this difference was only 1%. OF greater import was the

He

difference in pattern between the 0, 100 rad treatwents and the 1000 rad
treztment. Tihe 0 and 100 rad treatments had a similar pattern, but

there were temporal differences between the patterms. The period of
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0

Co in the Container
Surface Compartment (Physa-Najas-Elodea) at
512 Hours Among Radlation Treatments

Table 53. Duncan's Comparison of

Value of p 2 3

rp.OS 3.014 3.160

Rp 0.58 0.59

Treatment 1000 0 100
(rads)

Mean (%) 0.85 0.89 1.68

Statisticsl
Significance
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uptake to a maximum content continued to 16 hours for the control treat-
ment and 64 hours for the 100 rad treatment. After this maximum was

. . 60 .
reached there was a slight decrease in the  Co content to 64 hours,
after which this compartment remained in a steady state through 512 hours.
The container surfaces in the 100 rad treatment had a slight loss after
64 hours, with a steady state being maintained through 512 hours. This
pattern for the 0 and 100 rad treatments was comtrasted to the pattern
of the 1000 rad treatment which had continued uptake to 256 hours with
no apparent chapge after that time. The effect of radiation on the
container surface was to delay the occurrence of a steady state content

A 9 4 -4 -y 60"{ ) 1 d- > -

or to change the pattern of Co Tiux througn this compartment.

.
The flux of ~OCo through the Physa shell compartment (Fig. 14d, p. 143)

showed a similar pattern of initial uptake to waxima for all compartments.

A comparison of these rates showed no statistical difference among the

treatments. The control and 100 rad treatments reached a maximunm which

e

was followed by a net loss of OOCo through 512 hours. The 1000 rad

=]

. ‘s R é10)
treatment reached a wmaximum with no apparent change in ~ Co content after

(&2

this value was reached. A comparison of the maximum content of this
compartument among treatments showed that the 100 rad treatment accumulated
] ] H 60 ) - ¥ - T R S
significantly more Co than the other treatments. However, this differ-
ence was less than 1%. By 512 hours all treatments had reached a similar
content, apparently at or approaching a steady state content. These data
showed no radiation effect on the Pnysa shell compartment at the 100
tpe 090G it
rad. dose, but the Co flux pattern was changed by & dose of 1000 rads.
60 =l A -1 .
The ~ Co flux pattern through the Physa body compartment (Fig. lhe,

p. 143) was similar for all treatments. A period of rapid uptake to a
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maximum was followed by a net logs which continued to 512 hours. There
was no statistical difference among uptake rates, maximum content, or
loss rates. However, the time at which the maximun content occurred dif-
fered among treatments. In the control and 100 rad treatments, maxima
were reached at 16 hours while the 1000 rad treatment delayed this event
to 32 hours. When 6000 contents of “he Physa body compartment were com-
paraed, the resulbts showed no statistical difference among treatments.

These datae showed no radiation effects on 6000 cyeling 1n the Fhysa
body compartment, except for the delay in the time at which a maximum

OCo content occurred in this c¢ompartment. Iven though the difference

between the control and 100 rad treatments was not statlstically signifi-
cent, the 6OCQ content at the 1000 rad dose was lower than that of the
control treatment. This same relationship was true of the Physa body
compartment in microcosms of Physa alone. 8ince this result occurred
twice, 1t suggests that there was a reduction in the 6OCO content of
this compartment in the 1000 rad treatment.

The pattern of 6000 flux through the Elodea compartment (Fig. 14f,
p. 143) was similar for all treatments. An initial period of rapid uptake
to a maximun was followed by a net loss of 6OC0 through 512 hours. The
comparison of initial uptake rates of the Elodea compartment among treat-
ments (Table 54) showed that the control had a significantly higher
uptake rate than either the 100 or 1000 rad treatments, which formed a
nonsignificant range. The maximum 60Co content of the compartment was
compared among treatments (Table 55) and showed that each treatment formed

an independent set, with the control higher than either radiation treat-

ment and the 1000 rad treatment higher than the 100 rad treatment. These
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. 60
Table 5), Duncan's Comparison of =~ Co Uptake Rates
of the Elodea Compartment (Physa-Najas-
Elodea) Among Radiation Treatments

Value of p 2 3

rp.05 3.261 3.399

R'p 3.17 3.31

Treatment 100 1000 0
(rads)

Mean(beta) 8.99 10.29 13.35

Statistical
Significance




Table 55.

. 60
Duncan's Cowmparison of Co Maxima in the
Elodes Compartment (Physa-Najas~Elodea)

Among Radlation Treabments

Value of p 2 3

.05 3.01L 3.160

R 6.02 6.32

1Y

Treatment 100 1000 0
(rads)

Mean (%) 35.61 b3, LY 50.06
Statistical

Significance
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data showed that both the uptake rate and maximum 6OCo content of Elodea
were reduced with increased radiation stress.

The loss rate of 6000 from the Elodea compartment was compared among
treatment (Table 56). The loss rate in the control wes significantly
faster than those of the 100 and 1000 rad treatments. The loss rate in
the 100 rad treatment exceeded that of the 1000 rad trealment, bul there
was no statistical difference between them. The 6000 content of the
Elodea compartment at 512 hours was compared among treatments (Table 57)
and showed that in the 1000 rad treatment Elodea had sigaificantly higher

60

Co content than in the O or 100 rad treatments. Elodea accunulated

60, .
less Co in the control thanm in the 100 rad treatment, but these two
formed a nonsignificant range. Thus, the increased radiation stress
L7 60 i 4+ - e 3
reduced the loss rate of “7Co from the Elodea compartment and this re-
ted 1 ; - 60, .
sulted in a build-up of Co in the plants.
The results for the Elodea compartmeunt showed that the radiation
60, \ . 60 . N
stress reduced ~ Co uptake rates and maximum ~“Co content, while it
. 60 . .
lowered loss rates and increaged ~“Co content of this compartment. Except
for the difference in pattern, these resulis are the same as those oOb-
tained for the Elodea compartment when Elodea occurred alone. However,
in the Elodea compartment of this latter experiment, there was a trend
604, ot e s .
of decreased ~Co uptake rates and content with increased dose. This was

not true of the Elodea compartment in the Physa-Najas-Elodea treatment.

In this experiment, there was a greater reduction in 6000 uptake rate
and content at 100 rads than at 1000 rads. These data suggest an addi-~

tional effect on the Elodea compartment at 100 rads, which may be related

to complexity.
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Duncan's Comparison of
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OCO Loss Rates

From the Elodea Compartment (Physa-Najas-

Flodea) Among Radiation Treatments

Value of p 2 3

ry;.05 3.199 3.339

Ry, 4,26 Lohhy

Treatment 1000 100 0
(rads)

Mean(beta) -4.90 -6.57 -13.08
Statistical

Significance
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Duncan's Comparigson of 60Co in the Elodea

Teble 57.

Compartment (Physa-Najas-Elodea) at 512
Hours Among Radilation Treatments

Value of p 2 3

ry-05 3.01h 3.160

Rp 8.34 8.75

Treatment 0 100 1000

(rads)

Mean(%) 15.63 19.15 28.55

Statistical
Significance
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The pattern of 6000 flux through the Najas compartments (Fig. lhg,
p. 143) was similar for the O and 100 rad treatments, while a different
pattern was effected in the 1000 rad treatment. All treatments had a
period of rapid uptake to a maximum concentration. Tn the O and 1000 rad
treatments there was a net loss of 6OCO from the Najas compartment after
the maximum content was reached, while in the 1000 rad treatment the
maximum conbent was maintained as a steady state content through 512 hours.

The comparison of initial uptake rates of the Najas compartment by
Duncan's test showed no significant difference among treatments. The
maximum 6000 content of the Najas compartment was compared among treatments
(Table 58). These resulls showed that the 100 and 1000 rad breatments
fermed a nonsignificant range with significantly higher 6OCO content than
the controls. The 1000 rad treatment also formed a nonsignificant range
with the control treatment. The data for uptake rates and content of
the Najas compartment showed no relation to radiation stress.

60
The loss rates of

Co from the Najas compartment after the 100 rad
treatment was =5.4%/1n hr which was significantly different (Duncan's
test) from the loss rate of -1.8%/1n hr for the controls. The Najas com-
partment after the 1000 rad treatment had no net loss. The loss rate

of 6000 from the Najas compartment between 32 and 128 hours was similar
for the controls and 100 rad treatment. However, including the loss
period to 512 hours, the rate was slower in the controls than in the

100 rad treatment. The Najas compartment In the control treatment
apparently approached a steady state after 128 hours, while the 100 rad

treatment had a continued loss to 512 hours. At 512 hours, the comparison

of the 6OCo content of the Najas compartment among treatments (Table 59)
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Table 58. Duncan's Comparison of OOCO Maxima in
the Najas Compartment (Physa-Najas-
Elodea) Among Radiation Treatments

Value of p 2 3

rp.05 2.888 3.035

R 4. 5.1

D 9 .13

Treatment 0 1000 100
(rads)

Mean (%) 16.15 18.k2 22.53
Statistical

Significance
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Table 59, Duncan's Comparison of 6000 in the Najas Compartment
(Physa-Najas-Elodea) at 512 Hours Among Radiation Treatments

Value of p 2 3
rp.o5 3.014 3.160
R L.46 4.68
Y
Treatment 0 100 1000
(rads)
Mean (%) 10.53 11.38 16.64
Statistical

Significance
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showed that the 1000 rad treatment maintained a significantly higher
conteat than the other treatments which were not significantly different.
On the basis of these results, there was no effect of radiation on the
pattern of flux through the Najag compartment in the control or 100 rad
treatments, and both treatments reached the same 6OC0 content by 512
hours. There was 2 significant change in the flux pattern of the 1000 rad
treatment as there was no net loss from the Najas compartment.

In the microcosms containing Physa, Najas, azod Elodea the regulation

of 6000 was shown to be a function of the jnteraction of the three bio-
logical components. Therefore, a radiation stress which affects the inter-
action of these species will also affect 6OC0 cycling among all components.

The pattern of final distribution of 6000 has already been discussed
for each compartment. The results showed that a dose of 100 rads had
little or no effect on the final distribution pattern among compartments,
although there was a trend toward higher content in the plant compartments
and. lower content in the soil compartment. After treatment with 1000
rads, the pattern of distribution among compartments was significantly
changed with a higher content in the plants and a lower content in the
soil.

The pattern of net 6000 pathways among compartments was not affected
by a dose of 100 rads, but was changed by a dose of 1000 rads (Fig. llg-i,
p. 126). The change in pattern at 1000 rads was the loss of the pathways
from the container surface, the Physa shell, and the Najas compartments

to the soll compartment.

Complexity, Radiation Stress, and 6000 Cycling

On the basis of results from microcosms consisting of Najas and

Elodea alone, it was expected that the sublethal dose would change the
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patterns of fipal distribution and pathways of 6000 flux in the microcosms

consisting of FPhysa, Najas, and Elodea. The lack of change in these

patterns at the sublethal dose demonstrated an increased degree of homeo-
stasis in the more complex microcosms and the change in the patterns

at 1000 rads primarily reflected the effect of radiation on the plant-
snail interaction.

The functional roles of the various compartments in the more complex
microcosm were not changed after treatment by 100 rads from those des-
cribed earlier for the control microcosm. However, there were differences
in the pattern of distribution during the early part of the experiment.
The maximum accumulation of 6000 by Elodea at 100 rads was lower than
that of the control Elodea, while the meximum accumulation of Najas at
100 rads was higher than that of the control Najas. This sltuation
suggests that Elodea was more affected by the lower dose than was Najas.

The results for Najas and Blodea alone (Fig. 10, p. 115 and Fig. 12, p. 132)

showed that such was possible, as the effect of both 100 and 1000 rad
treatments produced the same severe effect on Elodea initially, while
the initial effect of these doses on Najas was not as severe and later
there was evidence of "recovery'.

Physa functioned as a catalyst in the complex microcosms and there
was no evidence that 6000 cycling through the Physa body compartment
was affected by the radiation stress of 100 rads. SinCeAthe exact nature
of the catalytic effect of Physa on the plants was not defined by these
experiments, the conclusion is that the 100 rad dose apparently did not
impalr the functional role of Physa.

In the 1000 rad treatment, the functiomal role of Najas was changed

from that of a processor to that of a storehouse. That the 6000 maximum
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in BElodea at 1000 rads exceeded that at 100 rads suggested that both
Elodes and Najas were severely affected by the 1000 rad dose. The
change in the pattern of 6OCo flux through Najas and the slower loss rate
from Elodea at 1000 rads suggested that this dose significantly affected
the functional role of the Physa compartment.

Experimental results for Physa were too ipconclusive to demonstrate
a radiation effect on 60Co cycling through this compartment. However,
conslstent trends of differences between control and irradiated Physa in

the combination of Physa alone and Physa-Najas-BElodea suggested an effect.

That there were differences between control and irradiated Physa was con-
. o e 1 o : 60 ; :
firmed by the lack of ap effect of Physa on the Co flux through the
plant compartments in this microcosm.
60

Radiation perturbed ~~“Co cycling in the microcosm combinpation of

Physa~-Najas-klodea as demonstrated by changes in the cycling parameters

during the early or latter stages of the experiment. Changes in the
cycling parameters were related to the effect of radiation on the uptake
rates of the plants and on the functional role of Physa. Homeostasis

of the final distribution and pathway patterns was demonstrated for the
100 rad dose, but not in the 1000 rad treatment.

In the less complex microcosms, a radiation stress of 100 or 1000
rads reduced the initisl flux rates of 6000 in compartments and increased
the time to steady state or the duration of a maximum steady state con-
tent within some compartments. In the more complex microcosms, a radiation
stress of 100 rads had little effect on the initial 6000 flux rates and
no effect on temporal parameters. A stress of 1000 rads, however, had a

significant effect on flux rates and increased the time to maximum or



161

steady state content of compartments. The effect of radiation stress
on both simple and complex microcosms was similar, in that the cycling
rate was reduced within the system. It merely required a higher dose to
accomplish this in the more complex microcosms.

The effect of radiation on the patterns of final distribution and
pathways of 6000 movements (Fig. 11, p. 126) showed that the lower
dose had no effect on these patterns in the most complex microcosms while
in the less complex microcosms both final distribution and pathways were
changed. The effect of the higher dose on patterms in the less complex
microcosms was similar to that observed at 100 rads. However, the
patterns in the more complex microcosms were significantly changed by
the higher dose. These results suggest that the homeostatic capacity
of a gimple system, as measured by stabllity of mineral cyeling para-
meters, is greater than that of a more complex system when subjected
to a stress of large magnitude. In the case of a smaller stress, however,

the more complex system exhibits greater homeostatic capacity.

Radiation Effects on ~5/Cs Cycling

The results for analyses of radiation effects on 13705 cycling in
microcosms indicated no differences among radiation treatments within
a given complexity level. The lack of differences among radiation treat-
ments does not preclude a potential radiation effect, as evidenced by
the fact that for BElodea cultured in spring water (Fig. 8, p. 103)
showed a significant reduction in 13703 accunulation after radiation
treatment.

13

The lack of an observed radiation effect on ‘(Cs cycling in the

microcosms can be attributed to rapid fixation of cesium in the soil
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Tamura and Jacobs, 1960). The comparison of biotic uptake rates, a
p p)

parameter of importance in the amalysis of radiation effects, was not

137,

possible due to the rapid accumulation of s in the soil. The resulting

low sccumulation of 13(05 in the biota was associated with large error

terms which made the measurement of maxXimum accumulation of no analytical

. 1%°
value. Finally, it was not possible to measure the loss rate of STCS

137,

s radiometric

137

from the biota due to the interference of 6000 in the
determinations. Although a potential radiation effect on Cs cycling

was predicted, this effect was not revealed in the microcosm studies.

Significance of Results

This research has utilized aguatic microcosms in studying the effect
of increased biotic complexity on mineral cycling and the effect of
ionizing radiation cn mineral cycling at different blotic complexity
levels. 'The results emphasize an effect of changes in blotic complexity
on mineral dynamics which is relatively independent of changes in the
abiotic envirconment. Further, these results define the stability of
different complexity levels in terms of the ecological roles of the
participating organlisms and their interactions.

Changes in ecosystem complexity are usually associated with changes
that occur in stages of succession and such changes imply major alter=-
ations in the biotic and abiotic enviromment (Cowles, 1899, Johnson and
Odum, 1996). The fact that succession occurs indicates that earlier
successional stages bave less stability than the final or climax stage
of succession. This stability, or resistance to change (Patten and
Witkamp, 1967), is a characteristic of the climax community (Clements,

1916). However the relative contribution of the abiotic and biotic
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factors to this stabllity usually camnnot be separated in naturally occur-
ring scosystems (Oosting, 1956).

The sigolificance of this study i1s that the same specles were studied
in various combinations, or complexity levels, while the controllable
ablotic enviromuent was held comstant, It follows from thie that, with
the exception of uncontrollable ablotic differences, only biotic effects
on mineral cycling were observed. The results showed that an increase in
the functional level of complexity increased the number of 6000 flux paths
among compartments and also increased the cycling rate through the biota

60 137CS

to the soill. The cycling patterns of ~"Co and were shown to be

different in less complex microcosms, while the cycling pattern of 6000
13(05

converged toward that of when the functional level of complexity

was increased. Therefore, it is predictable that cycling patterns of
different elements would be relatively dissimilar in less complex eco-
gsystems and tend bo become more simllar in more complex ecosystems.

An increase in the level of functional complexity was observed to
be of greater importance than an increase in diversity of a given
functional level. However, an increase in unifunctional species had
a modifying effect on the exact pattern and general rate of cycling.
Thus, in the study of ecosystems, both the diversity of "functional” and
taxopomic species would contribute to a refined ecosystem analysis
and allow a mere weaningful comparison of ecosystems.

Through the technigque of synthesizing increasingly complex micro-
cosms, it was possible to define the functional role of a species or
compartment in varicus complexity states. The functional role of a

species was Observed to remain constant when combined with another species
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of similar function. However, the role of nonbiotic compartmwents (water
and soil) did change under such circumstances. When species of differing
function were combined, roles of the biotic compartments were changed

as a result of the interaction of the "functional" species. Therefore,
the increase in functional complexity resulted in significant ecological
interactions and these new interactions changed both the pattern of
mineral distribution and flux rate through the system.

Radiation stress of the microecosystems demonstrated the possible
consequences of radiation hazard to maturally occurring ecosystems and
also tested the stabllity of complexity states. Geperally, lonizing
radiation reduced the cycling rate and bio-accumulation of 6000, but had

137

no observable effects on Cs cycling. However, the specific effect of
a given radiation stress was dependent on the degree of complexity of
the stressed systemn.

The mineral cycling pattern of complex systems was more resistant
to sublethal stress than that of simpler microecosystems. This is in
agreement with current theories that more complex systems can absorb a
greater stress, without change, than less complex systems (Margalef,
1963). The experimental results also supported the inverse theory,
that complex systems are more greatly affected by a larger stress than
are simple systems.

The interaction of the "functional" species in the complex micro-
ecosystens provided additional mineral cycling stability to the lesser
stress. The disruption of the same interactions also resulted in the
greater change in mineral cycling pattern of the complex systems after

a greater stress. The lack of significant change in mineral cycling
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pattern of the simpler systems can be attributed to the absence of
these interactions. Thus, the capacity of a complex system to resist
change after a stress has been related to the sensitivity of its inter-
actions.

The current study supports the hypothesis that complex systems,
having greater diversity of species, & greater number of "functional”
species, and consequently more interactions, would have a greater in-
trinsic stabllity under moderate stress than less complex systems.
Further, the degree of ecosystem stability following a greater stress
would be related to the sensitivity of its interactions and not neces-~
sarily to the sengitivity of the organisms.

Accepting the hypothesis of senslitivity of interactions, it is
further hypothesized that a certain minimal ecosystem complexity exists,
after which further increased complexity (while providing more stability
to a glight stress) results in less stability to moderate stress than

the system of minimal complexity.



. SUMMARY

Aguabtic microcesms consisting of various combinations of physical

(soil, water, container) and biological (Physa, Najas, Elodea) components

were used to determine the effect of increased complexity on radionuclide
flux rates, patterns in each component, and patteruns of radionuclide
distribution among the microcosm components. The stability of the com-
partmental rates and flux patterns and the pattern of distribution path-
ways among compartments was tested by stressing selected complexity
levels with sublethal and lethal doses of fast neutron radiation.
Compartmental flux rates were shown to vary among complexity treat-
ments. The loss rate of 6OC0 from the water compartment and the uptake

137

rate of Cs by the soil compartment increased as complexity increased.

For other compartments, increased complexity either resulted in dif-
ferent patterns of rate changes or had no predictable effect on rate

changes.

157

The Cs flux pattern of most microcosm components was similar

-

among complexity levels. The oOCO flux pattern of the water and Physa
components was similar among complexity levels, while the flux pattern

of the remaining components was dependent on the complexity level.

1%
The pattern of distributilon of 57Cs among the microcosm compart-

ments was independent of the complexity level, while that of 6000 was
dependent on the level of complexity. The pathway pattern of 157Cs among
compartments was one of flow through nonsoil compartments and rapid
accumulation in the soil. 1In contrast, 6OCO accumulated in nonsoil com-
partments in less complex microcosms, while in more complex microcosms

60

Co flowed through nonsoil compartments and accumulated in the soil.

166
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Increased functional complexity converged the pathway pattern of 6000
toward that of 13705.

An increase in complexity increased the rate of movement of both
radionuclides to the soil. The duration of a period of temporary 157Cs
retention by nonsoil compartments was decreased when complexity was in-
creased. Tohe final distribution of 6000 occurred more rapidly in the
legs complex microcosms. However, since the 60Co would eventually become
incorporated into the organic matter of the soil, increased complexity
also decreased the cycling time of 6000.

Radiation stress affected both compartmental flux rates and patterns
and the pathway pattern of 6OCO distribution among the microcosm components.
However, the effect of a given radiation stress was dependent on the
level of microcosm complexity.

The rate of 6000 uptake and total accumulation by the biobtic com-
ponents was generally reduced after radiation treatment. The changes in
these parameters for the physilcal components reflected the changes which
occurred in the biotic components. 1In addition to changes in uptake
rates, the time to steady state or to maximmm accumulation of 6OC0 in
the biotic compartments was increased after radiation stress. Generally,
the effect of radiation within a given complexity level was to decrease
the rate of 6000 cycling.

On the basis of mineral dynamics, the simple microeccsystems were
found to be less stable than the complex ones when subjected to moderate
stress, bub more stable than complex systems when subjected to an extreme
stress. The difference in stability was related tc the effect of radi-

ation on the interaction of biotic components and not necessarily on
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organisms. This result, plus the definition of ecological roles and
interactions, led to the hypothesis that, while the most complex self-
sustaining ecosystem may be more stable to a moderate stress than a
similar, minimally complexed system, the system of minimal complexity may
be more stable to a greater range of stress than the more complex ecosystem.
The use of synthesized microcosms as ecolegical research units pro-
vides a means of performing certain difficult or otherwise impractical
ecological experiments. Results from such studies are subject to careful
extrapolation to naturally occurring ecosystems. However, if microcosms
can be shown to have characteristics similar to naturally occurring eco-
systems, then microcosms may be used to test unusual environmental stresses

and hypotheses aboul ecosystem behavior.
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