



















































































































































































































































































































































































2. Embryos in which derivatives of the endoderm were under-
developed, while those of the ectoderm had no externally detectable
damage (Fig. 42d-f). Although this type of abnormalities also occurred
when different developmental stages of the embryo were irradiated, it
was primarily characteristic of embryos from eggs irradiated at the
veliger stage. At this stage the derivatives of the ectoderm (shell, mantle)
are practically completely formed and therefore cannot be seriously
damaged.

3. Embryos in which derivatives of the ectoderm were under-
develo;r)ed while those of the endoderm were adequate (Fig. 42g-h). This
type of teratism was observed only in embryos irradiated at the stage of
transition from 4 to 8 blastomeres, when the second peak of increased
radiosensitivity became manifest.

Embryos with these three types of radiation abnormalities differed
from control embryos in being smaller in size and having less body
pigment.

The relative distribution of mollusk teratic embryos having
developmental abnormalities of external and internal organs is shown in
Table 68. One can see that, depending on the developmental stage at
which the mollusk was irradiated, not only the total number of teratic
embryos but also the type of abnormalities is changed. Thus, irradiation
of eggs at the stage preceding cleavage results in a relatively high number
of abnormal specimens, 789, of which are characterized by complete
lack of the shell and 229, by lack of the alimentary sac. It thus follows
that at this stage the more radiosensitive systems are those responsible
for the initiation of the ectoderm in the developing embryo.

Following irradiation at the 2-blastomere stage, a reduction in the
total yield of teratic embryos was recorded as well as an increase in the
number of malformed specimens having abnormalities of the alimentary
sac. It may be presumed that at this stage reduction of the general
radiosensitivity of embryos is attended by a relative increase in

Table 68

Relative distribution of greater pond snail embryos
with abnormalities of external and internal organs after irradiation
in a dose of 300 rad at different developmental stages

Developmental stage Total No. of No. of abnormal embryos
at the time of irradiation experimental
eggs Total No shell No alimenta-
ry sac
Precleavage 169 420 71.7 223
2-blastomere 853 18.2 372 62.8
2-4-blastomere 243 225 52.5 475
4-blastomere 447 425 380 62.0
4-8-blastomere 157 474 33.0 67.0
8-blastomere 346 279 322 67.8
Final cleavage 592 19.3 9.0 91.0
Gastrulation 2440 13.1 7.0 93.0
Trochophore 203 39 20 98.0
Veliger 420 3.1 0.0 100
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radiosensitivity of those systems of a developing embryo which
eventually lead to the formation of the endoderm.

Irradiation of embryos at the stage transitional between 2 and
4 blastomeres results in an approximately equal percentage of
abnormalities in development of the external and internal organs,
whereas irradiation at the subsequent stages of cleavage once again
increases the relative number of embryos with developmental
abnormalities of the internal organs.

At the early gastrulation stage and later stages the radiosensitivity of
embryos is reduced once again, as indicated by a sharp decline in the
total yield of teratic specimens. The overwhelming number of
malformations are abnormalities of tissues derived from endoderm,
while irradiation at the veliger stage results in 1009 of abnormalities of
this type. Such a great reduction in number of developmental
abnormalities of the shell of mollusks irradiated at later developmental
stages may probably be explained by a higher rate of specialization of
the ectodermal cells as compared with the endodermal cells. After
completing the specialization the cells become significantly more
radioresistant. Indeed, at the trochophore and veliger stages the
derivatives of the ectoderm function as fully formed integuments,
whereas the specialization of endoderm derivatives is far from complete
at these particular stages.

Finally, it should be noted that all abnormal embryos of the mollusk
were unable to emerge from the egg capsule, and sooner or later died.
After emergence of normal juvenile specimens from the clutches into the
outer environment, the integrity of the cocoons was impaired and the
remaining embryos were as a rule attacked by fungi.

The dependence of mollusk radiosensitivity on stage of embryonic
development is demonstrated by the data in Tables 69 and 70, where the
results of experiments with varying irradiation doses are presented.
These data show the L Dy, of irradiated embryos to be about 450, 900,
and 2000 rad when the irradiation occurred at the 2- to 4-blastomere
stage, the embryonic motility stage, and the stage of shell formation,
respectively.

In experiments with pike eggs, the dependence of embryonic
radiosensitivity on water temperature was studied (Alshits et al, 1970;
Kulikov et al., 1971b). The eggs were obtained from adult female pikes
during the spawning season at Lake Maloye Miassovo. The fertilization
was performed by the dry method; eggs obtained from a single female
were mixed with the seminal fluid from two or three males. Immediately
after fertilization (prior to first cleavage of the zygote) the eggs were
irradiated with °Co gamma rays and then incubated in lake water at
a water temperature of 10 to 20°C. The overall hatching data, the
number of larvae with morphological abnormalities, and the number
of cells with chromosome aberrations were recorded.

For cytological analysis the eggs were fixed at the late blastula stage
with Carnoy fluid (6 parts alcohol, 3 parts acetic acid, 1 part chloro-
form). Fifteen minutes after introducing the eggs into the fixative, the
egg membranes were pierced and the fixative was exchanged; 3 hr after
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Table 69
Development of mollusk Lymnaea stagnalis L. embryos after irradiation of eggs at early cleavage stage (2 to 4 blastomeres)

it o No. of embryos that died at different devel-
Radiat No. of No. f total P No. of abnor- o
d:sem(:gg) 0. ol eggs Iax?va(e,f éo? ofoéggs m:l :m;r;lg opmental stages (7, of total No. of dead
hatched specimens)
Cleavage, Organogenesis Shortly before
gastrulation hatching
Control 1352 1305 95.0 — 2 2.1 42 93.7
15 1066 1029 96.5 > 0.05 2 17.0 26.0 57.0
150 687 635 924 < 0.001 10 250 520 230
300 299 209 69.9 < 0.001 51 9.0 100 81.0
600 280 ) 25.3 < 0.001 26 45.0 230 320
1200 370 47 12.7 < 0.001 38 79.0 20.0 19.0
5000 450 0 — — — 100 0 0
Table 70

Development of mollusk Lymnaea stagnalis. L. embryos irradiated at stages of embryonic motility and initial
formation of shell

Radiation Embryonic motility stage Initial shell formation stage
dose (rad)
No. of No. of % of total No. of abnor- No. No. of % of total  No. of
eggs larvae No. of eggs mal embryos of eggs larvae No. of abnormal
hatched hatched eggs embryos
Control 466 453 97.2 0 707 692 97.7 2
15 498 490 98.6 0 488 477 98.0 5
150 458 446 97.5 0 556 534 96.0 9
300 471 463 98.0 2 568 538 95.0 2
600 494 485 98.5 2 493 480 97.6 4
1200 580 9 15 3 581 555 95.5 7
1500 480 0 0 — 430 263 612 13

5000 540 0 0 550 4 15



beginning the fixation process, the eggs were transferred into 70%, ethyl
alcohol ?or storage.

The quantitative determination of chromosome aberrations was
performed in squash acetolacmoid-stained preparations. Prior to
staining the dissected germ disks were placed for 10 min into 30% lactic
acid solution for maceration. From the germ disks stained in this
manner provisional squash preparations were prepared which had an
advantage of having all germ-tissue cells arranged in one layer and
containing no artifacts in the form of fragments produced by sectioning
with a microtome. In each preparation 50 anaphases were counted and
the percentage of damaged cells was determined. A cell was regarded as
damaged if it contained at least one bridge or fragment. The hatching of
larvae was noticeably reduced in comparison with controls when the
material was irradiated in doses exceeding 100 rad (Table 71). An
increase in the number of abnormal embryos was noted within
approximately the same dose range. A dose of 800 rad was absolutely
lethal causing death of the embryos at the early gastrula stage. In the
case of a water temperature of 20°C, a decrease in overall hatching was
observed at a dose of 200 rad, whereas an increase in the yield of
abnormal embryos occurred with 50 to 100 rad doses (Table 72). Under
these conditions, as distinguished from an experiment at a lower
temperature, the 400 rad dose proved to be absolutely lethal. The de-
pendence of pike eggs radiosensitivity on the temperature level is
particularly evident in Fig. 43. It shows that at the 10°C water
temperature the number of abnormal larvae increases when relatively
high radiation doses are applied, whereas at 20°C the number of
abnormal larvae increases beginning with a 50 rad dose.

Since at 20°C the embryonic development of the pike was twice as
rapid as at 10°C, it may be presumed that the observed reduction in
radiosensitivity of embryos at a lower temperature is associated with
recovery processes after irradiation which are more effective when the
development of embryos is more protracted.

Table 71

Effect of %Co gamma-irradiation on early developmental
stages of pike embryos at a water temperature of 10°C

Dose No. of Larvae hatched
(rad) eggs
Total Normal Abnormal
No. % No. % No. %

Control 488 343 710 + 20 311 90.7 + 1.6 32 93 + 1.6

25 322 251 787 + 19 235 936 + 1.5 16 64 + 15

50 452 347 770 + 23 318 91.7 + 1.6 29 83+ 19
100 274 182 68.0 + 2.8 170 934 + 19 12 6.6 + 1.8
200 302 145 475 + 2.8 128 883 + 2.8 17 11.7 £ 2.7
400 218 73 336 + 32 143 590 + 1.7 30 410 + 5.8
800 229 Embryos died at early gastrula stage
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Table 72

Effect of Co gamma-irradiation on early developmental stages
of pike embryos at a water temperature of 20°C

Dose No. of

Larvae hatched

(rad) eggs
Total Normal Abnormal
No. % No. % No. %

Control 207 146 70.7 + 3.1 131 89.7 + 2.5 15 103 + 25
25 394 325 830 + 24 275 877 + 1.8 40 123 + 1.8

50 278 206 740 + 2.6 173 840 + 2.6 33 160 + 2.7
100 326 249 750 + 24 172 728 + 238 67 272 + 28
200 246 122 495 + 33 53 430 + 14 69 570 + 4.6
400 305 Embryos died shortly before hatching

800 290 Embryos died at late blastula stage

It is noteworthy that insofar as the number of injured mitoses is
concerned, differences between experimental embryos and controls are
already noticeable at radiation doses of 25 to 50 rad (Fig. 44); with
respect to the number of hatched abnormal larvae, the differences were
noted at dosages of 50 and 200 rad, respectively, depending on the
experimental conditions, whilé the differences in the total number of
hatched larvae became evident only beginning with a 200 rad dose.
Thus, chromosome aberrations in the cells of pike embryos appear to be
a somewhat more sensitive criterion of radiobiological response as
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compared to the other criteria at issue. Irradiation of tench eggs in
doses ranging from 25 to 200 rad does not change the total percentage
of larvae hatched, yet the yield of larvae with various morphological
abnormalities increases noticeably already at a dose of 50 rad (Table 73).
A radiation dose of 400 rad at a water temperature of 20°C was found
to be absolutely lethal, just as was the case with pike eggs: all embryos
died immediately before hatching. With 800 rad the embryos died at the
late gastrula stage, and with 1200 rad at the early gastrula stage
(approximately S hr after irradiation). Survival data for hatched larvae
demonstrated that the death of larvae hatched from the eggs irradiated
in a dose of 200 rad occurred at a much higher rate than in controls.
With radiation doses ranging from 25 to 100 rad the difference in
survival of the experimental and control larvae is statistically nonsig-
nificant.

It may be assumed that outwardly normal larvae hatched from eggs
irradiated in relatively low doses have latent radiation damage which
will adversely affect their survival rate after an additional irradiation of
these larvae in a massive dose. To verify this assumption special
experiments were undertaken (Kulikov et al, 1969, 1970d). From the
total number of the 2-day-old larvae hatched from the nonirradiated
eggs, and from the larvae irradiated in doses of 25, 50, 100, and 250 rad,
200 outwardly normal larvae from each group were selected and divided
into two subgroups of 100 specimens each. One subgroup was irradiated
in a dose of 4000 rad while the other subgroup served as a control not
subjected to additional irradiation. During the next 10 days the survival
rate of the larvae was recorded (Fig. 45).

In the absence of additional irradiation the survival rate decreased

Table 73

Effect of a single “Co gamma-irradiation of tench eggs at
2-blastomere stage and at a water temperature of 20 to 23°C
on development of embryos

Dose No. of Larvae hatched
(rad) eggs
Total Normal Abnormal
P
No. % No. % No. %

Control 2341 1992 825+23 1854 928 138 72+2.1 -
25 3151 2657 840+42 2516 946 141 54+17 >005
50 2234 1847 83.0+28 1678 908 169 92422 <005

100 2016 1675 83.0+3.1 1458 870 217 13.0+42 <001
200 2544 2022 80.0+4.0 1391 673 322 327+30 >0.001
400 3010 Embryos died shortly before hatching

800 2950 Embryos died at late gastrula stage
1200 2116 Embryos died at early gastrulation stage
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only in the case of larvae hatched from eggs irradiatied in a dose of 250
rad. In the variants of the experiment with eggs irradiated with 25 and
100 rad the relative number of survivors was even somewhat greater
than that in the control. However, after additional irradiation in a dose
of 4000 rad all of the larvae hatched from the control eggs died by the
tenth day after the irradiation. Similar effect was recorded when the eggs
were irradiated in a dose of 250 rad. After the additional irradiation the
survival rate of larvae irradiated in doses of 25, 50, and 100 rad was
fairly high, the maximum value being 789, at 25 rad. Thus, the latent
radiation effects which we expected to occur after irradiation of the eggs
in relatively low doses not only did not reduce the survival rate of
larvae hatched from these eggs after their additional irradiation in
a sublethal dose, but, on the contrary, had a marked radioprotective
action similar to that described in the foregoing section with respect to
pea and pine seeds. The radioprotective effect of low-dose irradiation
appears to be of general biological importance and closely associated, as
has already been mentioned, with the mechanism of radiostimulation.

Radiosensitivity of Freshwater Organisms under Conditions
of Radioactive Contamination of the Aqueous Medium

In recent years, because of the hazard of radioactive contamination of
waterbodies detrimental to their bioproductivity, there has been
growing interest in the biological effect of higher radiation levels arising
from radioactive contamination of the habitats of hydrobionts and the
accumulation by hydrobionts of radionuclides.

The extremely high radioresistance of the waterbody bacterial flora
deserves emphasis. Even at a °°Sr/°°Y concentration in water reaching
10~3 Ciyliter, no changes in the development of nitrifying bacteria and
Escherichia coli could be found (Zhogova, 1961). In the water in which
the Los Alamos atomic reactor is submerged, there were discovered
bacteria Pseudomonas which retained their reproductive ability in the
water that accumulated a dose of 10 Mrad per 8 hr of irradiation
(Dubinin, 1961).
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In experiments with freshwater periphyton at a concentration of
a nonseparated mixture of uranium fission fragments in water of from
107® to 1073 Ci/liter radiostimulation of the development of this
organism was noted. Along with stimulation of the total mass of the
community, a marked rearrangement of its species composition took
¥lace (Timofeyeva-Resovskaya, 1963). Stimulation of the development of
reshwater algal periphyton was also observed when it was chronically
irradiated for 2 months in a gamma-field in doses ranging from 5 to 50
rad/day (Gileva et al., 1964). In experiments with protococcal algae and
infusoria lasting for 23 days no noticeable changes in the development
and accretion of the biomass of these organisms were observed under
conditions of contamination of the medium with the radionuclide
mixture* to a level of 107 to 10~5 Ci/liter (Guskova et al., 1971a, b).

The inhibitory effect of °°Sr/°°Y on the reproduction of the fresh-
water flea Daphnia magna was noted only when the organism was
cultivated for 80 days in water with a radioactivity level of 10~ ° Ci/liter
(Telitchenko, 1958).

In another study a natural population of the Chironomus tentans
mosquito was cytologically investigated; great quantities of the larvae of
this mosquito are present in the bottom deposits of White Oak Lake
and White Oak Creek, into which radioactive waste was for a long time
discharged by the United States Oak Ridge National Laboratory.
A population of this mosquito at the larval stage was irradiated for 22
years in a yearly dose of about 230 rad. It was found that under these
conditions the frequency of new chromosome aberrations in the
mosquito population was somewhat increased, but later these
aberrations were eliminated by natural selection; adaptability of the
population to new conditions did not undergo any essential changes
(Blaylock, 1966).

Our laboratory carried out experiments to study the development of
embryos of the freshwater mollusk Lymnaea stagnalis L. in water with
a varying %°Sr/°°Y content (Kulikov et al, 1966; Kulikov and
Timofeyeva, 1967; Kulikov, 1971a; Timofeyeva et al., 1971). Decrease in
the percentage of hatching larvae was recorded onlz' at the level of
radioactivity of the water being in the order of 10~ to 10~3 Ci/liter
when the total radiation dose to the eggs during the incubation period
exceeded 350 rad (Table 74). In solutions with a concentration of 1073
Ci/liter, there was, along with an increase in death of embryos,
a noticeable delay in embryonic development, as well as a weaker
pigmentation and diminution of embryo size. Death of embryos, as
observed in the experiments at high radionuclide concentrations, occur-
red at the late developmental stages shortly before hatching. It was only
at a concentration of 10~2 Ci/liter that the embryos kept in the
radioactive water died during the first dax. It was found that a single
acute irradiation of the mollusk eggs with °°Co gamma rays at the early

* The radionuclide mixture had the following composition: 52%, of rare-earth radio-
nuclides (°'Y, l""""Ce‘} 143pr 147Nd, !4°La) and 18% of alkaline-earth radionuclides
(8°Sr, 14°Ba) and also °3Zr and °*Nb.
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Table 74

Effect of ”Sr/”Y on embryonic development of greater pond snail
(Lymnaea stagnalis L.)

Water radio- 8-day radia- Total No. No. of % of P No. of ab-
activity tion dose  of eggs larvae total No. normal
(Ci/liter) (rad) hatched embryos
Control — 553 544 98.0 — 1
1x10°° 0.0035 539 527 98.0 — 0

1 x1077 0.35 497 481 97.2 — 2

1 x10-¢ 35 266 262 98.5 — 1
1x10°3 350 653 625 96.0 — 5

1 x10™4 350.0 602 584 97.0 > 0.05 3
5x 1074 1700.0 366 335 91.5 < 0.001 4

1 x10°3 3500.0 501 308 61.5 < 0.001 19
1x 1072 35000.0 550 0 0 — —

cleavage stage was more effective than their chronic irradiation at about
tllle same dose during incubation in the °°Sr/°°Y solutions (Kulikov et
al., 1966).

The above examples demonstrate that members of different
taxonomic groups of freshwater organisms, from bacteria to developing
mollusk eggs, can for some time tolerate fairly high levels of radioactive
contamination of the aqueous medium, escaping apparent injuries. Of
great interest in this connection are data on the extremely high
radiosensitivity of rapidly developing eggs of some fish species
(Polikarpov and Ivanov, 1961,1962; Polikarpov, 1964; Fyodorov et al.,
1964; Ivanov, 1967). These investigators have shown that incubation of
fertilized eggs in an aqueous solution of *°Sr/°°Y at a concentration of
10~ !° Ci/liter and above increases the number of hatched larvae with
various morphological abnormalities, and that at concentrations of 10~ °
to 10”7 Ci/liter there is, in addition, a considerable elevation of the
embryo mortality rate. Similar results were obtained in experiments with
an aquarium fish (Zebra danio) when the eggs of this fish were incubated
in solutions of a radioactive mixture of salts from rain water (Mikami et
al., 1956). At the same time there are data pointing either to the absence
of such effects in individual fish species when the radioactive
contamination of water is quite intensive (Brown and Templeton, 1964;
Guskovaet al., 1971a, b; Pitkyanen, 1971) or to the fact that such effects are
observed when the incubated eggs remain for very long periods (over
100 days) in water with a °°Sr concentration of 10~8 to 10° Ci/liter
(Neustroyev and Podymakhin, 1966). .

To correctly appraise the biological effectiveness of irradiation of fish
embryos developing in water contaminated with various nuclides it is
necessary to have an idea of the dose burden sustained by the eggs dur-
ing the incubation period. Such calculations have been performed for
eggs of some freshwater fish species developing in aqueous solutions of
the major fission fragment radionuclides at a concentration of 10~%
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Ci/liter (Kulikov et al., 1970a, b; 1971c). Two extreme variants of the
distribution of the nuclides in the eggs were considered: (1) that the
radionuclides derived from the environment are accumulated
predominantly on the external surface of the egg membrane, while the
radioactivity of the inner egg content equals that of water; and (2) that
the radionuclides are evenly distributed throughout the egg volume.

In the former case the dose rate in the egg center is derived from the
radioactivity of its content and that of the environment, and also from
the radioactivity of the egg membrane. If we assume that the
radioactivity of the liquid filling the egg does not differ from that of the
environmental water, and that the membrane that sorbs nuclides is
infinitely thin, the total dose rate (D) may be defined according to the
following equation:

TAL 0.693 R,C
D=144—"(l—e"T )1 — e *Rm 4 P e R radsec (1)

In the second case the dose rate in the egg center depends on the
radioactivity of the aqueous medium and on that of the entire egg, the
accumulation coefficient also being taken into account. The total dose
rate is then defined as

_ 0693t

D= 144 % (L—e T )[Ca(l — e™*™) + e™*n — ¢=¥on] radjsec  (2)

where T is the half-life period in seconds; t is the duration of egg
incubation in the radioactive water in seconds; A is the water
radioactivity, equal in our case to 10~2 puCi/ml; p is the water density
equal to 1 gm/ml; p is the attenuation coefficient of beta particles
(cm?/gm), R,, is the maximum range of beta particles in water (gm/cm?);
R, is the egg radius (gm/cm?); C, is the accumulation coefficient;

8 F _43% rad-gm
Li=37x10*x 1.6 x 1078E; =59 x 10 ‘E,m, where

Eg=)Y Em;; E; is the energy of single lines of the beta spectrum;
i

and 7, is the relative yield of these lines in the particular radionuc-
lide spectrum.

Calculations have shown that in the case of surface distribution of
radionuclides on the egg membrane total radiation doses during the
incubation period are somewhat lower than in the case of uniform dis-
tribution of radionuclide throughout the egg volume. This is associated
with the energy characteristics of the radionuclides which are described
by different equations (1) and (2). The real values of the radiation doses
should lie somewhere between the two extreme variants we considered,
since the radionuclides accumulated in the spawn are not completely
retained by the membranes but pass partially inside the eggs.
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Table 75 shows coefficients of accumulation for six fission fragment
radionuclides with respect to eggs of the carp (Carassius carassius L.),
tench (T'inca tinca L.), perch (Perca fluviatilis L.), and pike (Esox lucius
L). In the same table irradiation doses for the eggs are shown as
calculated for the case of the uniform distribution of radionuclides
throughout the egg volume. Duration of the incubation period for the eggs
of the carp and tench (at a water temperature of 20°C) was 7 and
2 days, respectively, and for the eggs of the perch and pike (at a water
temperature of 10°C) it was 15 and 8 days, respectively.

able 75 demonstrates that the accumulation coefficients are fairly
variable, depending on the biological features of various fish species and
the chemical nature of different radionuclides. Accordingly, radiation
doses fluctuate between 0.07 rad for the tench and perch eggs in
a 196Ru/!%Rh solution and 28.66 rad for the perch eggs in a °°Sr/°°Y
solution.

The experiments designed to study the impact of different levels of
radioactive substances in the aqueous medium on the development of
embryos of freshwater fish were conducted using solutions of °°Sr in
equilibrium with °°Y (Kulikov et al., 1968c; Timofeyeva and Alshits,
1970; Timofeyeva et al., 1971).

In experiments with fertilized tench eggs that developed in the lake
water contaminated with °°Sr at concentrations ranging from 107!° to
10~ Cijliter, we failed to find significant differences in comparison with
the control either with respect to the development rate of embryos or
with respect to the number of normal or abnormal larvae hatched from
these eggs (Table 76). The survival rate of larvae in different variations
of t};e experiment during the first 10 days following hatching was also
similar.

It might be expected that, despite their externally normal state, the
larvae from the eggs incubated in radioactive solutions would be less
resistant to subsequent irradiation with gamma rays of ¢°Co. For this

Table 75

Coefficients of radionuclide accumulation for eggs

of freshwater fish (per wet weight) by end of incubation period
and approximate radiation doses received by embryos during their
development until Iarvg hatching in aqueous solutions having

a radioactivity of 107" Ci/liter

Accumulation coeflicient Radiation dose (rad)

Nuclide

Crucian Tench Perch Pike Crucian Tench Perch Pike

carp carp
20§y 8.0 4.0 50 12 3.18 0.41 6.00 0.80
20y 310 11.0 25.0 54.5 10.04 1.16 22.66 25.13
95Zr/*>Nb — 23.7 5.1 — — 1.24 1.90 —
106Ry/1%Rh  — 26.2 6.8 — — 0.07 0.07 —
137Cg — 1.5 1.7 — — 0.41 1.75 —
144Ce/144pr — 40.5 17.8 — — 1.44 3.82 —
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Table 76

Effect of different levels of 9"Sr/’oY content in lake water
on development of tench embryos

La hatched
Nuclide con- Radiation Total rvae hatche
centration in dose (rad) N,

e % of total Normal Abnormal

tv;:,‘)te’ (Ci/li of eggs No. of eggs
No. % No. %
Control — 2810 75.0 + 4.1 1963 93.2 143 6.8
10-10 0.0000157 2931 723 + 5.1 1968 930 150 70
10-° 0.000157 3045 70.2 + 8.1 2009 94.0 127 6.0
10-8 0.00157 2772 740 + 5.1 1900 92.5 154 1.5
1077 0.0157 2951 710 + 7.2 1965 939 127 6.1
103 1.57 1597 770 + 24 1146 93.1 85 6.9

purpose the 3-day-old larvae obtained in different experimental
variations were irradiated in a dose of 800 rad and their survival rate
was then observed during 5 days following their irradiation. However,
even in this case the survival rate of larvae in all variations of the
experiment was similar. Thus, in the experiments described none of the
indices we adopted showed any deviations from the norm when tench
eggs developed in the water containing °°Sr in concentrations from 10~ 1°
to 10~% Ci/liter.

Absence of a biological effect may be explained by a too low dose lev-
el in the irradiation of embryos during their development in radioac-
tive solutions. The maximal irradiation dose even at the highest
concentration of °°Sr in water (10~* Ci/liter) was only 1.6 rad. This
dose accumulated gradually throughout the period of embryogenesis
and the principal dose burden fell on the later stages of embryo
development, characterized by a higher radioresistance. If we consider
that the minimal dose of a single gamma-irradiation of tench eggs
resulting in detectable disorders in embryo development is 50 to 100 rad
(Table 73), a dose several scores lower, and, besides, highly prolonged in
time, must obviously be still less effective.

In experiments with perch eggs we have also failed to detect any
disorders in embryo development in water contaminated with °°Sr/°°Y
in concentrations ranging from 10~ !° to 10~ 3 Ci/liter. The highest
radiation dose for the perch eggs at a water radioactivity level of 10~ 2
Ci/liter, calculated for the case of uniform distribution of radionu-
clides throughout the egg volume, was about 29 rad. The real
radiation dose should be 3 to 4 times lower since an appreciable
proportion of radionuclides accumulated in the spawn is concentrated
on egg membranes, thus reducing the total radiation dose.

At a °°Sr/°°Y solution concentration of about 10~* Ci/liter,
corresponding to a total radiation dose of about 260 rad, an increase in
the percentage of hatched pike larvae with morphological abnormalities is
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Table 77

Effect of different levels of %Sr/%°Y content in lake
water on development of pike embryos

Larvae hatched
Nuclide Radiation Total No.

concentra- (ose (rad) ©Of €88s o of

tion in ot No Normal Abnormal
water of eggs'

(Ci/liter) No. % No. %
Control — 445 72 +£2 289 89.8 33 102 + 19
10-° 0.00259 400 74 +2 256 86.5 40 135+20
10-8 0.0259 316 72+3 204 89.5 24 105 +20
10°7 0.259 369 66 + 3 208 85.0 37 150 + 23
10-5 2593 318 80 + 2 223 88.0 31 120 + 2.0
10-4 259.3 378 75 +2 224 79.0 60 21.0 + 4.1

noted (Table 77). Similar changes are observed when the pike eggs are
externally irradiated with ®°Co gamma rays in a single dose of about 50
to 100 rad.

Thus, at similar doses of radiation a single external gamma-
irradiation of eggs at early cleavage stages is biologically more effective
than prolonged irradiation of embryos durin§ incubation in water
containing a corresponding concentration of °°Sr/°°Y (107° to 10~*
Ci/liter). The number of damaged cells significantly increased, compared
to controls, beginning with a °°Sr/°°Y concentration of 10~° Ci/liter.

In the experiments we carried out with eggs of a freshwater greater
pond snail (Lymnaea stagnalis L.), as well as developing tench, perch, and
pike eggs, we failed to find significant differences from the control either
in the mortality rate of embryos or in the quantitative yield of abnormal
larvae when the range of °°Sr/°°Y concentrations in water was 10~° to
10~ 3 Ci/liter. It was only through cytological analyses of the pike germ

Tabhle 78

Number of injured anaphases and telophases in pike embryo cells
at late blastula stage as dependent on %0Sr/%Y concentration in water

Nuclide con- No. of Injured anaphases  Cells with Cells with
centration dividing and telophases bridges fragments
in water cells
(Ciliter) studied

No % No. % No %
Control 500 57 114+ 14 6 12 + 05 48 96 + 1.3
10-° 500 4 88+13 5 1.0 + 04 42 84 +13
10-8 500 55 110+14 14 28 +07 47 94 +13
10-7 500 78 156 + 1.6 7 14 + 05 46 92 +13
10-$ 500 8 176 +17 15 30+ 08 88 166 + 1.7
10-4 500 142 284 +21 30 60+11 115 230+ 19
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cells that a higher yield of injured cells was detected, beginning with
a concentration of 10™° Ci/liter and over. The data obtained support
the conclusion that with similar doses of radiation a single external
gamma-ray irradiation of the mollusk and fish eggs at early cleavage
sta%es is biologically more effective than a prolonged irradiation of
grgl) ryos during their development in water containing °°Sr/°°Y (Table

It should be noted that currently available data on the damaging
action of a low level radioactive contamination of the aqueous medium
on the embryogenesis of some sea and freshwater fish are not consistent.
This shows that the problem of radiosensitivity of fish at early
ontogenetic stages is not sufficiently studied, and also points to the
likelihood of great differences in the sensitivity of various fish species to
irradiation resulting from the radioactive contamination of the aqueous
medium and the accumulation of radioactive substances by developing
embryos.

For the successful solution of these problems, we believe, it would be
necessary, in addition to an expansion of studies on the effect of
radioactive substances on the early ontogenesis of various fish species, to
include in the sphere of radioecological studies as many members of other
taxonomic groups of hydrobionts as possible. Convenient objects should
be found permitting more prolonged studies that would cover the entire
cycle of the ontogenetic development of organisms. In carrying out
resetﬁr? of this type it is extremely important to employ radiogenetic
methods.

Effect of Ionizing Radiation on Communities
of Organisms

Under conditions of natural habitats, living organisms are represented in
terms of more or less complex communities (biocenoses) in which all of
the forms are closely associated both with each other and with
environmental components, through multiform ecological links. In such
a system any disturbance in the development or living conditions of
a single species (especially among the species dominating a particular
biocenosisgelfsually entails a number of secondary phenomena leading to
a disturbance of the previously existing dynamic equilibrium and to
a rearrangement of the entire community. Therefore, in the intricate
complex of responses of a biocenosis to irradiation, one should not only
note the primary phenomena associated with the immediate effect of
radiation on individual organisms, but also the secondary responses that
manifest themselves in the form of various rearrangements of
a biocenosis as a whole, produced by disorders in biocenotic bonds
between the components of the biocenosis. Owing to a broad variability
in the radiosensitivity of various species, their responses to the same
radiation dose will be different. At the same time the degree of radiation
response is defined by both the radiosensitivity of a particular species
and its competitive interrelations with other organisms in a biocenosis
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(Kulikov et al., 1962; Aleksakhin, 1968; Aleksakhin et al., 1970;
Tikhomirov, 1972).

A comprehensive study of changes occurring in biocenoses under the
effect of ionizing radiation may be exemplified by the work carried out
in the United States in radiation fields around powerful radiation
sources, including various natural forest areas, discarded fields and
cultivated plots (Sparrow, 1960; Ohba and Simak, 1961; Woodwell and
Sparrow, 1963a, b; Woodwell, 1962, 1965; Brower, 1965; McCormick,
1966; Sparrow and Woodwell, 1962; Woodwell and Oosting, 1965;
Sparrow et al., 1965; Platt, 1963).

These investigations corroborated an extremely high radiosensitivity
of coniferous tree species and made it possible to estimate the radiation
dose levels resulting in various shifts in the composition and structure of
the communities under study attributable to the radiation exposure
profile, season, density of planting, and other factors.

For experimental studies of the effects of ionizing radiation, apart
from radiation fields, other methods can be used. For instance, it is
feasible to isolate small plots inhabited by a certain type of phytocenosis -
and to introduce into these plots definite amounts of radionuclides thus
modelling radioactive fallout, and to record the changes occurring in
such a phytocenosis. Additionally, it is possible to build up under
experimental conditions artificial phytocenoses by planting in small
plots seed mixtures of various plant species. In such studies the
radioactive substances may be introduced into community habitats, or
such phytocenoses may be formed by the planting of seeds preliminary
wetted in radioactive solutions having differing concentrations of radio-
nuclides. Finally, such plant communities may be set up by planting
a mixture of seeds subjected to external irradiation prior to planting.

Our laboratory has conducted a series of experiments involving both
the introduction of emitters into community habitats and the
preplanting wetting of seeds in solutions of these emitters (Kulikov,
1957a, b; Kulikov et al, 1962; Timofeyev-Resovsky, 1957;
Timofeyev-Resovsky et al, 1957a, b; Timofeyeva-Resovskaya, 1963).

An experiment was carried out to test the overall effect of radioactive
substances on phytocenoses. Specifically matched communities
comprising 15 plant species were grown on beds having a differing soil
content of nonseparated uranium fission fragments. In the beds with
lower amounts of emitters (1 and 5 Ci/m?) the number and weight of
plants during the vegetative season were markedly higher than in the
control beds. At the same time in beds with a hi%her content of
radioactive fission fragments (25, 50, and 100 mCi/m*), inhibition of
phytocenoses was evident (Fig. 46).

An analysis of plant communities according to constituent species
has demonstrated that various species and species groups composing
a community respond in different ways to the introduction of emitters
into the soil. One group of plants (wzeat, barley, millet, flax, pea, pea-
vine, lentil, and blue lupine) showed the usual effects of radiostimulation at
low and inhibition at higher concentrations of radionuclides in the soil.
Another plant group (European yellow lupine, sainfoin, lucerne, and
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Fig. 46. Percent deviation from control of the number (1), total weight at age of 7 to
8 weeks (2), and total dry weight at final harvesting (3) of plants grown on experimental
beds with varying radioactivity levels.

clover) was also stimulated at low emitter doses, but had no appreciable
deviations from the control at higher doses, except one. With the
highest radionuclide concentration in the soil (100 mCi/m?) the plants
once again produced the biomass in an amount appreciably exceeding
that of the control community (Fig. 47). One can note that this unusual
response to high radionuclide concentrations in the soil is shown only
by the species that constitute the lowest storey of the plant community
(Fig. 48).

Especially drastic changes in the composition and structure of
a plant community were noted in experiments involving the preplanting
wetting of a seed mixture using different concentrations of uranium
fission fragment solutions. Based on the average agrotechnical seeding
standards, seeds of 30 species of cultivated plants were selected for these
experiments. In the control the seeds were subjected to 24 hr wetting in
tap water, while in three experimental variations wetting was performed

%
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Fig. 47. Percent deviation from control of weight of plants on five beds with increasing
amount of emitters in soil. Averaged data for two groups of plant species; group 1:
wheat, barley, oats, millet, flax, pea, peavine, lentil, blue lupine; group 2: yellow lupine,
sainfoin, lucerne, clover.
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in a solution of uranium fission fragments stored for a long time and
having concentrations of 2, 20, and 200 mCi/liter (for convenience these
concentrations will be subsequently referred to as the first, second, and
third doses, respectively).

The solution of uramum fission fra ents consisted chiefly of
89, 9OSl' 90Y, 9SZI', ‘°6Ru, 13 CS, and ém

After wetting the seeds were rinsed with tap water, dried, and
planted in a 1 x 10 m plot in five replicate lots. In each plot as much as
1816 gm of seeds were planted with the resulting overcrowding. This
overcrowding, creating harsh conditions of fighting for edaphic space,
rendered the community much more responsive (with respect to
%ualltatlve and quantitative composmon) to various exposures.

xperimental plots were laid out in a single row with the successive
distribution of experimental variations and replications. The total
number of planted piots was 20.

During the vegetative season visual observations were carried out
and time of emergence of shoots, of florescence, and maturation was
recorded for each species of the community, mcludmg time of emergence
of the ear (panicle) for annual cereals. Twice during the season and on
termination of the experiments the number of specimens was counted
separately for each species grown in the plots. In the course of this work
the storey to which each species was confined in the community was
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recorded and the biomass was assayed (Fig. 49).

When the first two doses of emitters were applied, the community
structure closely resembled that of the control; in these three varia-
tions (control, first, and second doses) during the vegetative period and until
the second determination of the plant distribution between storeys, the
rearrangement was negligible. The third dose community, however,
sharply differed from controls already at the onset of vegetation: bean
and haricot fell out of the community, chick pea passed from the first to
the third storey, mustard shifted from the second to the first storey;
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Fig. 49. Histogram of storey distribution of species in 3- to 4-week old (I) and 2.5-month
old (ID plant communities that developed under effect of differing doses of emitters:
(1) wheat; (2) oats; (3) barley; (4) vetch; (5) hemp; (6) lentil; (7) rye; (8) beans; (9) chick
pea; (10) haricot; (11) millet; (12) perennial cereals; (13) pea; (lft) soybean; (15) mustard;
(16) buckwheat; (17) clover; (18) falseflax; (19) carrot; (20) spinach.
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soya moved from the second to the third storey, and falseflax and
spinach moved from the third to the second storey. Later the picture
underwent still greater changes. Apart from bean and haricot, oats,
barley, rye, lentil, chick pea, soya, and spinach dropped out of the
community. Wheat went from the first to the second storey, pea and
falseflax passed from the second to the first storey, and the perennial
cereals shifted to the third storey; finally, millet ascended from the third
to the first storey, and clover from the third to the second storey. Thus,
in this variation, there was formed, in comparison with the control, an
absolutely different, much scantier community whose distribution over
the storeys was also altered.

The general impression produced in the wake of all observations of
the plant community development may be summarized as follows: the
first dose resulted in a slight stimulation of the community with no

rceptible disturbance of its structure; the second dose induced a slight
inhibition of some species leading to hardly discernible shifts in the
community structure; the third dose resulted in complete elimination of
a number of the species dominant in the control community, and this, in
turn, led to a scantier composition of the community, to a reduction of
its biomass, and to essential rearrangements in its structure.

A detailed quantitative analysis of thé communities, involving the
counting and weighing of all plant spécies in-different vegetative periods,
and a quantitative determination’of the storey dynamics during
community development, fully corroborate the qualitative appraisal of
experimental phytocenoses made during visual observation, and to
a large measure improve the accuracy of this appraisal.

.The number of plants in the communities formed on exposure to the
first radiation dose somewhat increased throughout the vegetative
period as compared with the control, whereas the mean weight of
a single plant differed hardly at all from that in the control community;
as a result the total biomass per unit area was somewhat greater than
that in the control After the second dose the number of plants during
the entire vegetative period was lower than that in the control
community, but the mean weight of a single plant was markedly higher
and the resultant total weight of the plant mass per square meter was
almost the same as in the control. When the third dose of emitters was
applied the community, from the very beginning, was quite sparse.
Later, the number of plants decreased still further, so that at the height
of vegetation their total number was one-fourth that of the control
community. However, since this reduction was attended by a substantial
increase in single-plant weight, the total weight of the plant mass per
square meter, though being lower than in the control community, was
still not as much reduced as the number of plants (Fig. 50).

The relative distribution of total plant numbers for each species of
the first radiation dose community was very close to that of the control,
with a tendency to slightly exceed the control values.

In the communities formed under the effect of the second dose of
radiation the number of hemp plants decreased sharply and that of
millet specimens increased. The number of the remaining species was
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more or less uniformly decreased in accordance with the general slight
decrease in the number of plants per unit area. In the third dose ,
communities all cereals and a part of the annual leguminous plants were
almost completely eliminated, while the total number of other plants
(vetch, lentil, pea, buckwheat, hemp, and others) was decreased in
proportion to the overall decrease in the number of plants per square
meter. Some species (some perennial leguminous plants and millet) in
this experimental variant unexpectedly increased in number almost
twofold over that in the control community.

Considering the weight.of plants by groups and by individual species
it is notable that when the highest dose of emitters was applied there
was a significant increase in the mean weight of single plants even in
those species of which only a few specimens were left in this
experimental variant. Both the total weight of the plant mass and the
mean weight of single plants of millet, perennial leguminous, and
cn:icigezr)ae plants were especially sharply increased (Figs. 51
an .

In order to demonstrate the difference in relative position and the
degree of shift in the contribution of various species to the control
community and to the community exposed to the highest concentration
of radioactive solution (200 mCi/liter), Fig 53 shows the relative
contributions of six different plant species to the production of the total
community biomass in these two variations of the experiment. Wheat
and barley yielded in the control a biomass many times as large as that
in the experiment, the biomass of pea and vetch was the same in the two
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variations, while clover, and particularly millet, produced a conside-
rably greater amount of biomass in the community treated with
emitters than in the control. Such a drastic increase in the number and
biomass of some plant species in the communities which received the
highest concentration of emitters was due to the elimination from these
communities of the most prolific species of the first storey and to the
vacation in this way of the edaphic space for species which in
the control community had an inferior position in the lowest
storey.

On the whole the experiments described here on the introduction of
radionuclides into the soil and on the preplanting wetting of seeds in
radioactive  solutions demonstrated that with relatively low
concentrations of emitters the total biomass of the annual herbaceous
phytocenosis increased substantially, while its qualitative and basic
structure did not undergo appreciable changes. At high concentration of
emitters, along with a general reduction in the biomass and an
impoverishment of the species composition of phytocenoses, marked
rearrangements of the storey structure are observed. In some cases.
against a background of general stimulation of the community biomass
by low concentrations of emitters, growth of some species turns out to
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Fig. 51. Percent deviation from control of plant weight per square meter according to
species and groups of species in 2.5-month old communities formed under effect of differ-
ing doses of emitters: (1) annual cereals; (2) perennial cereals; (3) first group of
annual leguminous plants (beans. haricot. soybean); (4) second group of annual
leguminous plants (pea, vetch, lentil); (5) perennial leguminous plants; (6) cruciferae;
(7) umbellate plants; (8) millet; (9) hemp; (10) buckwheat.
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Fig. 52. Percent deviation from control of mean weight of a single plant according to
species and %roups of species in 2.5-month old communities formed under effect of differ-
ing doses of emitters: (1) weight of a single plant averaged for all species; (2) annual
cereals; (3) perennial cereals; (4) first group of annual leguminous plants (beans,
haricot, soybean); (5) second group of annual leguminous plants (pea, vetch, lentil);
(6) perennial leguminous plants; (7) cruciferae; (8) umbellate plants; (9) millet; (10) hemp;
(11) buckwheat.

be unexpectedly inhibited, whereas in experimental variants with high
concentrations that generally inhibit the biomass growth some species
appear to be stimulated. Analysis of these phenomena on the basis of
the storey structure of the community demonstrated that such cases are
associated with the process of community rearrangement. In an
overcrowded commiunity radiostimulation at low doses of the most
prolific and rapidly growing species of the first storey results in a slight
inhibition of the slowly growing species of the third storey, while
a marked impoverishment and radioinhibition of first storey species at
high radiation doses results, owing to increased edaphic space, in a sort
of stimulation of the development of those species of the third storey
that were inhibited in overcrowded communities in the remaining
variations of the experiment. Similar phenomena of a “pseudoradiosti-
mulation” caused by disturbances to competitive interrelations of the
organisms in an irradiated community, were also noted with regard to
the soil bacterial flora composition both with introduction of
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Fig. 53. Contributions of six plant species to phytocenosis biomass (grams per square
meter of area) in control (1) and under effect of the highest dose of emitters
(200 mCilliter) (2).

radionuclides into the soil and with an external irradiation of
microbopedocenoses with gamma rays (Timofeyev-Resovsky, 1957;
Kashkina and Abaturov, 1968; Kashkina, 1969).

In experiments with freshwater periphyton developing in radioactive
water contaminated with a nonseparated mixture of uranium fission
fragments, considerable shifts in the community structure, including
changes in its biomass, were also noted.

Thus, despite considerable differences in the ways of irradiation of
communities of different types (terrestrial phytocenoses, soil bacteria,
and freshwater periphyton), the responses of these communities to
irradiation proved similar. Under the effect of relatively low emitter
concentration (radiation doses) the total community biomass increases
somewhat, whereas the species composition and the basic structure of
the community changes only slightly. At sufficiently high emitter
concentrations (radiation doses) profound changes in the composition
and structure of the community are evident, attended by distinct
changes in the biomass of species that form this community.

CONCLUSIONS

This book considers two closely interrelated aspects of continental
radioecology: biogeochemical and radiobiological. The former includes
work concerned with the migration and distribution of radionuclides in
the soil/solution, soil/plant, and water/hydrobiont biogeocenotic links,
while the latter deals with investigations concerning the biological effect
of radionuclides on terrestrial and freshwater biogeocenoses.
Experiments conducted with the soil/solution system have
demonstrated that the rate and degree of absorption of trace amounts of
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59Fe, °Co, %°Sr, °'Y, !37Cs, and '#“Ce from solution in the soil are
defined (other things being equal) by the chemical nature of these
elements, and are independent of soil properties. This is attributable to
the fact that the absorption capacity of the soils studied is sufficiently
ample to retain the radionuclide forms capable to be sorbed from
a solution. A change in solution pH from 3 to 10 does not affect the soil
absorption of ¢°Co, °°Sr, °'Y, and !37Cs, whereas the absorption of
39Fe and '#*Ce declines noticeably. This is due to the change, in an
alkaline medium, of iron and cerium to colloidal forms that are poorly
sorbed by the soil. The extent of soil absorption of iron and cerium also
depends on their concentration in solution.

It was found that the soil sorption of cobalt, yttrium, and cerium
radionuclides depends on the content in a solution of stable isotopes of
iron and aluminum: the sorption is more reduced the higher the
concentration of these elements in the initial solution. The mechanism of
this phenomenon may be associated with a process of co-sedimentation
and adsorption of radionuclides with the colloid ferrous and aluminum
hydroxides.

Experiments with artificial chelating agents have shown that
radionuclides in the chelated form are poorly absorbed by the soil, and
that the effectiveness of chelating agents with respect to various
radionuclides is directly related to the durability of chelate compounds
as characterized by their stability constants.

Aqueous extracts from vegetative litter enhance the soil mobility of
all the radionuclides under study except !3’Cs. The effect of plant
extracts is on the one hand attributable to their containing organic
substances capable to convert some chemical elements into stable,
water-soluble complex compounds, and on the other hand to an
increased concentration in these extracts of other cations that can partly
displace radionuclides from the soil into solution.

59Fe and !37Cs were nuclides the most firml;' retained by all of the
soils studied, the rest followed in the sequence: 9'Y > 144Ce > °Co >
> 99Sr. According to their ability to retain radionuclides the soils can
be arranged in the sequence: soddy-meadow > chernozem > red soil >
> soddy podzolic soil. Since these soils differ from each other by their
content of humus and their silt fraction in about the same sequence, it
was postulated that organic matter and finely dispersed silt particles can
reduce the mobility of radionuclides in the soil. Specific experiments
with organic substance-free soils have demonstrated that their ability to
retain radionuclides is much inferior to that in native soils.

Among different cations used in the experiments as desorbents,
“specific replacers” for some radionuclides were distinguished. Alumi-
num is such a replacer for 3°Fe, copper and iron for °'Y, and iron is
a replacer for 14*Ce. With regard to °°Co and °°Sr, the desorbing effect
of cations increases with an increase in their atomic weight and valency.
The latter factor suggests the presence in soil of an ion-exchange
mechanisms for absorption of these radionuclides.

The strong desorbing effect of “specific replacers” can be explained
by the fact that in the soil they form largely the same compounds that
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the radionuclides they replace. Therefore, the cations which are “specific
replacers” can be regarded as nonisotopic carriers of the respective
radionuclides in the soil

With an increase in soil moisture, the total content of all
radionuclides in the liquid phase increases. In soils with the maximal
and minimal values of the moisture coefficient differences in content of
the dissolved radionuclide forms reach about one order of magnitude for
69Co, and two and three orders of magnitude for *4Ce and !37Cs,
respectively, whereas for °°Sr this difference is only three to fourfold. As
a result, if the degree of mobility of different radionuclides in the soil is
judged on the basis of their total content in the liquid phase, it follows
that the °°Sr mobility in moist soil exceeds that of the remaining
radionuclides by a factor of from 10 to several hundred. In soil
suspensions, however, these differences substantially level off.

The data recorded during the greenhouse experiments generally are
consistent with the main results obtained in studies of radionuclide
mobility in the soil/solution system. Thus, the higher mobility of 3°Fe in
the soil/solution system (due to the presence in solution of poorly sorbed
forms of iron), and of ?°Sr (due to its relatively poor retention by the
soil) corresponds to the high mobility of these radionuclides in the
soil/plant system. This agreement is manifested by a greater uptake (as
compared with other radionuclides) of 3°Fe and °°Sr by plants. This
agreement between the laboratory and greenhouse experimental results
suggests a conclusion that the entry of radionuclides into plants depends
largely on the degree of these radionuclides mobility in the soil/solution
system. This latter factor is defined in turn by the chemical nature of
radionuclides, the form in which they are present in the soil solution,
and by the physicochemical properties of the soil. The uptake of
radionuclides by plants depends partially on the biological peculiarities
of these plants.

Soils with a higher content of humus and a greater silt fraction
better retain radionuclides, therefore their uptake by plants from heavily
textured soils with a high humus content is lowered. With a rise in soil
moisture from the level of withering to that of full water capacity the
total accumulation of radionuclides by above-ground parts of plants
increases. This increase, however, is due only to a more prolific growth
of the plant biomass on more moist soils, and not to a change in the
nuclide concentration in plants, which remains practically invariable
under all of the moistening regimes studied.

It was found that the entrance of *°Fe, ¢°Co, and °'Y into plants
was considerably increased when these radionuclides were introduced
into the soil in the form of chelate compounds incorporating an artificial
chelating agent EDTA. Here also a good agreement was noted between
the results of the laboratory and greenhouse experiments. Under
laboratory conditions the chelating agent, while diminishing the sorption
of radionuclides in the soil, enhanced their mobility in the soil/solution
system; under conditions of greenhouse experiments this mechanism led
to an increase in the radionuclide uptake by plants. EDTA did not
perceptibly affect the mobility of strontium, cesium, and cerium
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radionuclides, since the chelate compounds of these elements in the soil
are insufficiently resistant to chemical and biological destruction.

With an increase in excessive concentrations of a chelating agent in
a medium (soil, nutrient solution) the accumulation of cobalt by plants
diminishes. This phenomenon is believed to be associated with the
formation, in the presence of an excessive amount of a chelating agent in
the medium, of compounds of this chelating agent with other cations
which compete with Co/EDTA compound for being taken up by plants.
This peculiarity should be taken into account when, for example,
complex compounds are used as microfertilizers, since an excess of
a chelating agent in relation to a microelement in the initial preparation
may substantially impair the effectiveness of a microfertilizer.

It is to be emphasized that the results of the series of investigations
conducted on plots of natural biogeocenoses were on the whole in fairly
good agreement with the results of the laboratory and greenhouse
experiments. 3°Fe and !44Ce, being more mobile in the soil/solution
system, under natural conditions also exhibited a greater capacity for
migration than did the other radionuclides. As indicated above, the
higher ability of iron and cerium to migrate in the soil is based on the
capacity of these elements to change, in the pH range characteristic
of many soils, to colloidal forms that are poorly sorbed by the
soil.

Under natural conditions °°Sr proved to be less mobile than
might be expected from the results of the laboratory and greenhouse
experiments. One of the causes of such a reduction in °°Sr mobility
may be its conversion with time into the nonexchangeable state as a
result of an isomorphic replacement of calcium by strontium in soil
minerals, a fact that escapes the attention of investigators in laboratory
experiments of short duration. Another cause may be seasonal fluctuations
of natural soil moisture, which appear to facilitate leveling of the rates
of migration of different radionuclides with the soil solution. However,
under conditions of excessive moistening, and owing to peculiarities
of the Far North vegetation, the migration capacity of °°Sr is greater
than that of !37Cs, resulting in the enrichment in °°Sr of accumula-
tive areas in the tundra landscape.

Investigations of the behavior of radionuclides in the water/hydro-
biont system confirmed that the migration capacity of radionuclides in this
system (as in the soil/plant system) is defined by their chemical nature,
biological peculiarities of organisms, and physicochemical properties of
the medium.

When the radionuclides accumulated by plants are derived from the
aqueous medium the accumulation coefficients are higher than when the
nuclides are derived from the soil, since the soil, being a potent natural
sorbent, firmly retains trace amounts of chemical elements. Thus, for
instance, the accumulation coefficients for the majority of the
radionuclides under study attain, in freshwater plants, the order of ten
thousand, whereas in terrestrial plants these coefficients are less than
unity. Thus, the soil has a function of a powerful barrier along the path
of radionuclide migration in a biogeocenosis.
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Based on data for °°Sr and !37Cs, it is shown that the values of the
accumulation coefficients established for hydrobionts experimentally and
under laboratory conditions may in a number of cases be lower than
those found in a natural waterbody. This can be explained by the
inability to reproduce in a simplified laboratory model the complex of
conditions arising in a natural waterbody. Moreover, during the
long-term interaction of plants with water contaminated with
radionuclides, a certain proportion of the absorbed radionuclides
changes with time in the plant tissues to nonexchangeable or slightly ex-
changeable forms which results in a gradual increase of accumulation
coefficients. Since this is a relatively slow process it cannot be detected
in laboratory experiments of short duration.

An analysis of data from the literature and the results of
investigations conducted in our laboratory permit the inference that
within the range of microconcentrations (all other things being equal)
the concentration of radionuclides in hydrobionts is directly
proportional to their concentration in water and, as a consequence, their
accumulation coefficients remain invariable. Within the range of
macroconcentrations in water the accumulation coefficients diminish;
they also diminish when the water concentration of some nonisotopic
carriers (i.e., stable elements with similar chemical properties) of the
respective radionuclides increases.

A discrimination of °°Sr with respect to its chemical analog, calcium,
and of '37Cs with respect to potassium was noted when these elements
were accumulated by hydrobionts. The value of the discrimination
coefficient depends on specific biological features of hydrobionts and
does not depend, in a wide range of values, on the macrocomponent
concentration in water.

The excretion of chemical elements from fish with the roe during
spawning is considered a peculiar pathway of the biological migration of
radionuclides in a waterbody and a means of fish self-clearance of the
incorporated nuclides. It has been found that !3’Cs and potassium are
excreted from freshwater fish (tench, pike) in a comparatively larger
amount than °°Sr, calcium, and magnesium.

The accumulation of radionuclides by hydrobionts depends on the
ecological characteristics of a waterbody. It was demonstrated that the
coefficients of accumulation of °°Sr and '3’Cs for plants growing in
a dystrophic waterbody were markedly higher than for plants in an
oligomesotrophic waterbody. One of the main causes of an increase in
the accumulation coefficients of radionuclides in a dystrophic lake is
a lower water content of macroelements, i.e., calcium, magnesium,
potassium, and sodium, because of hydrobiont overcrowding.

Being a chemical analog of calcium, °°Sr enters the same links of the
biogeochemical migration as does calcium. In particular, it is involved
with calcium in carbonate formation processes, changing in this way
from the water-dissolved state to a slightly soluble sediment deposited
on the waterbody bottom. The investigations described indicate that
90Sr co-precipitates with calcium carbonates with a discrimination
coefficient of about 0.3. The value of this coefficient does not depend
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either on the specific biological features of the carbonate-forming plants
or on the calcium concentration in water. The process of carbonate
formation, which in the final analysis is a result of the vital activity of
an organism, presumably proceeds outside the plant organism, at the
plant/aqueous solution interface, whereas the carbonate sediment is
formed as a result of carbon dioxide absorption by plants from
bicarbonates.

The work described shows that, along with living plants, an
important role in the fate of radionuclides in a waterbody is played by
dying plants and detritus. The coefficients of accumulation of ?°Sr and
137Cs in dead remains were of the same order of magnitude, while those
of '°°Ru and '“*Ce were severalfold higher than in living plants.
Moreover, ruthenium and cerium are retained by organic matter of dead
plants more firmly than by the tissues of living plants. Of all the
radionuclides studied only !*’Cs was retained by live tissues more firmly
than by dead organic remains. Owing to a firm retention by the mass of
dying plants, ruthenium and cerium nuclides must pass with the detritus
to the bottom deposits of a waterbody, while °°Sr and '3’Cs, which are
bound less firmly, may easily return to solution and once again enter the
biological links of migration.

It should be stressed that the methodologic approach used for the
present investigation and aimed at a comparative study of the migration
capacity of radionuclides in the crucial biogeocenotic links of soil/plant
and water/hydrobiont by means of experimental division of these links
into simpler systems proved to be quite justified. As the results of our
experiments showed, this approach enabled us to provide not only the
general comparative phenomenologic characteristics of the behavior of
the radionuclides studied in systems of varying complexity, but also to
reveal in individual cases the particular physicochemical mechanisms
controlling the mobility of radionuclides in these systems.

Our research has confirmed that the problems of migration and
distribution of radionuclides between the components of biogeocenoses
are closely related to another highly important goal of radioecology
—studies of biological effects of radioactive substances and their
radiation.

We admit that, although the data presented concerning the
comparative radiosensitivity of various species of living organisms as
dependent upon a number of attendant factors give an idea of the most
vulnerable links of natural biogeocenoses in case of their irradiation,
these data are nevertheless insufficient for the scientifically substantiated
prediction of possible consequences of the radioactive contamination of
the particular biogeocenoses. In this connection it is imperative to
include in radioecological investigations as many new biological objects as
possible, studying their radiosensitivity in relation to their
developmental stages, physiological state, modifications of environmental
factors, and irradiation regime. Since the main forms of existence of
living organisms in a natural habitat are population and biocenosis, it is
necessary, along with studies of the radiosensitivity at the organismic
level, to promote research on the radiosensitivity of individual
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species at the levels of population and biocenosis. Suitable
radiosensitivity criteria in such investigations may be the population
size, age composition, reproduction and death rate of individual species,
biomass, rearrangements in the composition and structure of
communities, and other parameters used for descriptions of biological
systems at the levels of population and biocenosis.

Under natural conditions the effects of ionizing radiation on
organisms are combined with the influence of other ecological factors. In
the cases when the effect of ionizing radiation manifests itself against
a background of adverse environmental factors the radiosensitivity of
organisms generally increases. In turn, any radiation injury reduces the
resistance of organisms to adverse environmental factors. It is well
known that organisms weakened by irradiation decrease their resistance
to various infections, parasites, pest insects, predators, etc. (Ohba and
Simak, 1961; Woodwell and Miller, 1963; Brower, 1965; Woodwell,
1965). Moreover, as indicated in this book, under the effects of radiation
and because of secondary changes in the composition and structure of
overcrowded communities, there can occur phenomena of
pseudoradioinhibition of individual species at stimulating radiation
doses, and phenomena of pseudoradiostimulation at very high radiation
doses. In radioecological studies increasing attention should be given to
the combined effect of ionizing radiation and other environmental
factors, and to the quantitative appraisal of individual factors involved
in radiation injuries to organisms.

The ultimate goal of radioecology is the development of a general
theory of the migration and biological effects of radioactive substances in
different biogeocenoses. This tlgleory should be based on modern
concepts of the structure and functioning of biological macrosystems
characterized by a great number of interacting factors. We are facing
quite a number of difficulties on the road to solution of this complicated
problem, but we believe these may be successfully overcome in future
with the aid of analog computers modelling the functioning of
biogeocenoses.
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