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ABSTRACT

The effect of chronic irradiation (<21 rads/day) on the reproductive potential of tall fescue
(Fevtuca arundinacea Shreb.) grass was investigated for a fescue community contaminated with 137¢y
“altont simulant. Internal daily dose rate to apical meristems from radioactivity in tissue was calculated
as 9! rads beta and 0.3 rad gamma per day at the beginning of vegetative phenophase with an
additional measured external exposure of 12 rads/day. By the end of first-year flowering. when the
internal dose rate to meristematic tissues had decreased by a factor of 10 and total dose rate ranged
from 10 to 21 rady/day, seed production was reduced approximately 50% relative to controls. At the
conclusion of the second season, when dose rate had decrcased by 40% and radioactivity
concentration in tissue had decreased by a factor of 200 to 300, seed production was 20% less than
controls. The number of germinable seeds per panicie, measured by secd germination, was not
significantly reduced in either reproductive period. Diminished seed production indicates that ovule
initiation and development may be significantly affected by low-intensity simulated fallout radiation.

INTRODUCTION

Numerous investigate:  have examined radio-
sensitivity of higher plants using diverse methods of
exposure from external gamma sources (McCormick
and Platt 1962, Woodwell and Oosting 1965. Monk
{966. Sparrow et al. 1968. 1970). In most studies,
plants received either acute or uniform chronic dose
rates with all exposures emanating from a point source,
Under such conditions. Sparrow et al. (1971) reported
that 2 to 4 kR at a rate of 30 R/min caused 50% yield
reduction (YDsq) of meadow fescue (Festuca elatior
L.). Meadow fescue is a close relative of Ky-31 tall
fescue [Festuca arundinacea Shreb. (Pohl 1966)]. the
species used in this investigation. Similar YDs, data
were not available for tall fescue.

Radioactivity decay rates from external sources have
been simulated to resemble those of actual fallout from
nuclear explosions by varyving dose rates according to
the t-!-2 function (Clark et al. 1967. Sparrow and
Pugliclli 1969). Simulated fallout from a fallout decay
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simulation (FDS) 137¢s gamma source was two times
more effective than uniform rate exposure in causing
50% reduction in fresh weight and crop yield of
numerous economic plants (Sparrow and Puglielli
1969). Total dose was similar for both exposures. High
initial exposures from the simulated fallout radiation
regime apparently caused damage which was not repair-
able, compared with equivalent doses at lower unitorm
rates.

Close-in fallout from nuclear explosions alsu can
cause appreciable radiation damage, particularly when
plant parts are heavily coated with dust particles
(Rhoads et al. 1969a,b). Fallout deposits trom Cabri-
olet and Palanquin test explosions caused greater
damage to sage (Arremisia spp.) than was expected
from measurements of gamma radiation intensity and
chromosomal volume. The beta-to-gamma dose ratio
was 10 on the center line of the fallout pattern in
Cabriolet, and high beta dose from contact particles
apparently was a major factor in the radiation damage
to Artemisia spp. Results from these studies and other
laboratory experiments and field observations indicate
that several fallout attributes are important when
evaluating the effect ot fallout deposit radiation on
vegetation: the extent of particle retention on vege-
tatton. the beta-gamma dose ratio, and radioactivity
decay rate. Additionally. Gunckel and Sparrow (1961)
listed over 40 biological-radiological-environmental



factors which also may affect plant response to radia-
tion, but Sparrow et al. (1971} narrowed the list to six
major modifying factors that probably intluence plant
response to radiation. Three tuctors. chromosome size.
age at exposure, and refative bivlogical effectiveness
(RBE). were specitied as being most important, Recog-
nizing that it is logistically ditticult to include all
attributes  of  tallout  und  interacting  biotic-
environmental factors in an investigation of the effects
of simulated fallout contamination of ecosystems, a
tield experiment was designed to determine the effects
on a fescue meadow ccousystem from contamination
with lTow-level ' 7Cy radivactivity which was applied as
a tallout simultant. Research results on simulant particle
behavior in vegetation (Duhlman 1971) und radiocesium
distributior v plant components (Dahlman et al.
1969) have neen reported elsewhere. Responses of
plants and wnimals to a regime of chronic, low-level,
beta-gamma. in situ radiation have been investigated for
two successive growing seasons, and this paper reports
observuble effects on the reproductive capacity of
fescue grass. The specific objective was to determine the
eftect of radiation on seed production and germination.
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METHODS AND MATERIALS

Experimental area. A fescue meadow ccosystem was
selected for a fallout simulant experiment because
fescue gruss is a dominant specics in many southeastern
pastures and haytieids. The experimental site is situated
on flood-plain alluvium, a moderately fertile loamy soil.
Moisture stress seldom occurs in this areu. because a
water table is present and varies in depth between 0 und
8 ft tiroughout the growing season. Wilting from
moisture stress has never been observed during the past
five growing seasons. The S-acre experimental arca was
amended with 200:50:50 [b of NPK per ucre four
months prior to initiation of the cxperiment. causing
substantial dry matter production. The quantity of
living und dead fescue exceeded 1000 g/m* during the
first three months of the experiment. and the stand of
vegetation was considered to be in good condition (Fig.
1).

Eight 100-m? areas were enclosed by animal-proof
sheet-metal fencing to provide experimental ureas for
contamination. These are designated us the P series in
the experimentual design (Fig. 2). Odd-numbered plots

Fig. ). Early summer aspect of fescue meadow area where fallout simulant experiments were performed. Two-inch mesh nets on

100-m~ plots ‘Pl.z,s.s' protected small mammal experiments trom bird predation. Other contaminated and control plots were
ubscured by E-m-high tescue grass.
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PLOTS ; DOUBLE - FRAMED PLQOTS RECEIVED 2.2 Ci OF FALLOUT SIMULANT ; ARROWS
DENOTE PLOTS WHERE 4 COTTON RATS WERE RELEASED AND TRAPPED SEVERAL

TIMES OURING EXPERIMENTAL PERIOD.

Fig. 2. Layout ot experimental and control plots in fallout simulant experiment. Double frumed plots received 2.2 Ci of
smulant. Arrows denote plots where cotton rats were released and trapped during 1968 und 1969. Plot notation: Pl-%* experimentul.
4 contaminated, 4 primazy controis: C I8 secondary control; T).g. tertiary control.

(Py ¢ ;) were wbitwily selected for contamination,
and cven numbered plots (P ¢ ¢} were primary con-
trols: Py und P, were interchanged to minimize
personnel exposure at the site boundary. Primary
controls and contaminated plots were given identical
treatment, except that the tormer series received no
radivactivity. For the seed production and germination
experiment, secondary C, o) and tertiary (T g) con-
trols were located on the same catena as contaminated
arcas (Fig, 2} in order to assess inherent variubility of
seed characteristics of tall fescue.

Fallout simulant contamination. Fullout simulant
tagged with '?7Cs was applic (o four arcas (P, 3 ¢ 4)
during midsummer 196%. Each area received 2.2 Ci of
P37¢Cy fused to silica sand at a mass load of 22 g/ft?.
Details on the tgging operation, simulant characteris-
tics. and transient radioactivity behavior in the eco-
svstem ure reported elsewhere (Dahlman et al. 1969).
Aerial scans in 1968, 1969, and 1970 confirmed that
the radiouctivity was distributed uniformly over the
100-m? ureas.

Dose rate to meristematic tissues. In this experiment
meristematic tissues of plants received ionizing radi-
ation from three different sources: (1) a beta + gamma
flux from the ground deposit, (2) beta and gamma
amissions from internal ! 37 Cs radioactivity ,and (3) beta
and gamma from microsite particle concentrations and
adherence on plant structures. Dose to sensitive plant
parts was estimated for the three different modes of
exposure. The beta + gamma dose-rate profile (Fig. 3)
in contaminated arecas was determined with microther-
moluminescent dosimeters (TLD), and this dose rate
was detined as the external radiation source, Two weeks
after contamination the maximum bety and gamma
dose rate from the ground surface deposit was 12
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Fig. 3. External beta-gamma dose rates above fallout simulant
deposit as measured with thermoluminescent dosimeters. Dose
tate profiles were determined in August 1968 and July 1969.

rads/day at 1 cm height, the approximate region of
apical meristems and principal derivative tissues. There-
after, the dose rate decreased to 6 rads/day by
midsummer 1970.

Emissions from internal sources of '*7Cs radio-
activity constituted the second mode of exposure, and
its magnitude was calculated from meristematic tissue
geometry and radioactivity concentration. Beta dose
rate (Rﬁ) in rads/day was calculated from a modifi-
cation of Hine and Brownell's formula (1956) (Eq. 2.
Table 1), allowing for beta absorption in small cylinders



Table 1. Calculated beta and gamma dose rate to meristematic
tissues® of fescue-assimilated ' 37Cs

C R, R_€ R
ate g B+
Date (wCifg'27C9)  (rads/day) (radslday)  (rads/day)
August 1968 1.008 9.14 0.309 9.45
June 1969 0.109 0.988 0.033 1.02
July 1970 0.004 0.036 0.001 0.037

Meuasured meristematic tissue dimensions were 0.3 to 0.6 ¢m
diameter and | ¢cm {ength. Average cylinder geometry was designated as

0.5 cm diam X 1.0 cm long.

bR‘j = beta dose rate = 51.2 « C « E- F (from Hine and Browneli

1956). where

S1.2 = time conversion constant,

- O
[

= rudioactivity concentration (uCi/g),
= gverage beta energy (0.23MceV),
fraction of beta energy absorbed by cylinder (0.77) as

calculated trom Parmley et al. (1962: pp. 438, 439).

‘R, = gamma dose rate = 2.4 X 19°%-C- oD~ g f (from

y
Hine and Brownell 1956), where

2.4 % 1072 = combined radioactivity (l0_3) and exposure duration
(rads/hr X 24 = rads/day) conversion constant,

C = radioactivity concentration (uCi/g), . N

o = density of tissue (~1),

I' = gamma dose rate constant of 137¢y (3.2),

g, = tissue geometry factor (4.21) as calculated from
formulu given by Marienili et al. (1948),

t = roentgen to rad conversion factor (0.95).

according to calculations by Parmley et al. (1962). The
calculated linear energy absorption coefficient for
137Cs was 16. and fractional beta energy absorbed was
0.77.

Gumma dose rate (R‘Y) from absorbed radioactivity
was calculated for the central region of a 0.5 X 1.0cm
cylinder (an approximated dimension for the devel-
oping reproductive tissue) according to Hine and
Brownell's formula (1956) (Eq. 3, Table 1), with the
tissue geometry factor (g;) calculated as 4.21 from an
expression given by Marinelli et al. (1948).

The third component contributing to radiation ex-
posure of meristematic tissue was “hot spots” created
by particle concentrations in contact with plant parts.
These most commonly occurred in leaf axils, plant
crevices. and stem channels. An attempt to measure
radiation dose in these microsites met with limited
success. The best estimate of dose rate from particle
concentration was obtained by placing TLD’s in fescue
feat uxils. and these registered 25 to 100 rads/day when
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experimentally dosed with quantities of fallout simu-
lant equivalent to amounts that were trapped in similar
sites in the field situation.

Small-mammal grazing. Another independent investi-
gation was in progress in the experimental plots when
panicles were collected for the 1969 germination tests.
Cotton rats (Sigmodon hispidus) occupied both irradi-
ated (P, 5) and control (P, 4) plots during vernul
vegetative growth and floral initiation in 1969. Apprect-
able disturbance to vegetation was caused by four to
seven cotton rats confined in each 100-m* area. and
this added effect was considered in the statstcal
treatment of seed production-germination results. in a
further effort to determine the impact of cotton rats
grazing on fescue vegetation, foliar and flower stulks
from five 0.25 m? quadrats in each plot (P, g) were
clipped when seeds were collected for germination tests
in 1969.

Seed analysis. After seed set in June 1969, seeds were
collected from experimental plots (P, ;) and from



secondary (C, g} and tertiary (T g) control plots. Six
panicles were randomly selected from each plot. exer-
cising care to collect from inside a I-m peripheral butfer
strip. Fewer panicles were used when six undamaged
flower stalks could not be found in several plots
containing cotton rats. Sceds were allowed to cure on
intact panicles tor 30 days at room temperature before
testing tor germination. Ripening promoted more uni-
form and higher germination than an absence of
peetredtment or an expdsure to cold temperature (6 C)
for 30 days. Sceds were germinated on moist filter
paper in Petri dishes in a controlled environment (25
C). Germination was scored after six days: then
germinated seeds were recorded und removed daily over
4 two-week period.

Seeds were agai . Jliected from experimental plots
(P, ) in the second <1 rwing season (1970). Analysis of
variance of 1969 duts indicated that no significant
ditfferences (P < 0.01) existed among controls
(Pl g e Crgi T g therefore, the C and T series
were omitted trom the 1970 collections. To intensify
sampling in the experimental plots (P, _g). each plot was
subdivided into four subplots from which 15 panicles
were collected at random. giving 60 panicles per plot.
Ripening. germinating. and scoring procedures were
tullowed as described for the 1969 collection.
-Statistical analysis. Since the observations of total
seed production represent a count. the data were
transtormed  betore the anal :is was performed by
means of a square-root transtormation. In addition. an
arc-sine  transtormation was similarly used on the
ubserved percentages. These transtormations were used
i order to satisty more nearly the general distributional

1969
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assumptions (Snedecor 1956) inherent in the analysis of
variance (ANOVA). Finally, ANOVA was performed on
transformed data using a linear model. which con-
sidered all attributes of variation assumed to have
contributed to the variability ot the final product:

Yiim =4+ A+ By +(AB); +SPyj) + Ejjyn . (D)

where

Yijkim = observed data set from a particular subplot
{or plot in 1969 study) specified by ijkim.

= overall mean,
A, = irradiation effect (i =1, 2).
B; = grazing effect (j = 1, 2).

AB.. = interaction effect between irradiation and
grazing,

Pk(ij) = plot effect (k= 1, 2),

SPyijx) = subplot effect (1 =1, 2, 3. 4). (term only
used for 1970 study),

= i E = I
Eijklm experimental error(m =1, 2..... N im )-

During germination tests of 1970, none of the 23,781
seeds collected from P, germinated (Fig. 4). The factor
which caused this peculiarity remains a mystery, and it
is not likely that complete germination failure is a
natural phenomenon of seed variability in tall fescue
grass. Seeds collected and tested from the same plot the
previous year showed no such anomaly. Results from
1969 illustrated nearly an equal proportion of seed
germination for both P, and Pg, the nongrazed control

1970

NON GRAZED 1

GRAZED {

NON GRAZED GRAZED

T I

CONTROL iIRRADlATED CONTROL (IRRADIATED

CONTROLFQRADIATED CONTROL ]IRRAO"\TED

T bt e B s IS ateiten
| |
w J | Il cerminaBLE
3 ' STERILE
§\ r | EMPTY
3 | i
3 +— — i
5 | I
g | i
@ !
= T
2 | |
! f
Py Py o, £y P, Py P, Py Py Pg Py Py P, Py P, Py

PLOT NUMBER

PLOT NUMBER

Fig. 4. Average number of germinable and nongerminable seeds per panicle in experimental plots, 1969 and 1970.Sterile und
empty seeds were lumped as one category in 1969, No seeds germinated in control Py in 1970.

10241701



plots. Further examination of 1970 seed production
and germination shows a consistent proportion of
viable. sterile, and empty seed for other control areas
(P, o ). The proportion of full seed (viable + sterile)
was similar for both P, and P4 in 1970. Therefore, the
germination data for Py in 1970 were considered
missing. and the germination percentage for Py was
estimated from the germination percentage of Pe.

RESULTS AND DISCUSSION

Radiation dose to meristematic tissue. At the time of
fallout simulant application, a significant fraction of
particles was retained iritially by the plant canopy for
two to three weeks, then became mixed with litter and
moved to the soil surface within three to four months.
Aboveground vegetation received gamma exposure from
particle deposits. which were interspersed throughout
the canopy and on the soil: this distribution was
considered to be a three-dimensional source during the
initial three to four months postcontamination. Meas-
ured beta and gamma radiation profiles are given in Fig.
3 for 1968 and 1970. Dose rate | cm above soil surface
initially was 12 rads/day, and decreased to 6 rads/day
two years later due to particle weathering and incorpo-
ration of radioactivity into soil. It was assumed that
dose rate at a height of | cm would be most damaging
to growth and development of grass. because intercalary
and apical meristems are located near the ground and
would receive maximum duse from a ground-surface
particle deposit. Additionally, highest measured dose
rates were nearest the soil surface.

There was appreciable '°7Cs movement from the
silica-sand particles directly to vegetation at the time of
initial contamination, thereby creating a radioactivity
concentration of approximately 1 uCi/g in tissues.

993

Additional dose to plant parts resulted from the
internal '37Cs sources, particularly due to the beta
component {average energy 0.23 Mev). Calculated dose
rates from this source are given in Table | for both beta
and gamma internal sources of radioactivity. Both R}g
and R, diminished by approximately an order of
magnitude from one growing season to the next and
contributed negligible dose to meristernatic tissues one
year after contamination. Calculated Rg/R.y ratios
ranged {rom 13 to 19, and were somewhat higher than
the 4 to 12 ratios Rhoads et al. (1969b) observed in
Palanaquin and Cabriolet fallout fields.

Combined data from field and laboratory measure-
ments with TLD’s indicated that dose rate from “hot
spot” microsites such as leaf axils, crevices. and stem
channels may range from 25 to 100 rads/day, while the
deposit remained intact. There was no correlation,
however, between dose rate and quantity of simulant
applied to axils in the range of 40 to 120 mg/axil. High
dose rates often were determined with TLD's which
were adjacent to relatively smaller particle deposits.
Intimate geometrical relationships between particles
and dosimeters apparently affected the results of these
attempts to measure doses to tissues adjacent to
microsite deposits. Nevertheless, dose rate from the
microsite source was potentially 1 to 6 times greater
than the sum of internal plus external (beta plus
gamma) from other sources (Table 2). Such microsite
concentrations persisted for only a short interval.
because low-velocity wind and phytotaxic movements
dispersed the particles within a relatively short period
(1 to 2 weeks). Muximum localized short-term dose to
plant parts ranged from 350 to 1400 rads based on
observed dose rate and particle retention time.

Summation of dose from external. internal. and
microsite sources gives a maximum conceivable estimate

Table 2. Comparison of dose rate (R, . ) to meristematic
tissued receiving radiation exposure from external fallout
field. internal radioactivity. and microsite particle concentrations

o + v dose rate (rads/day)

Date
External source Internal source Microsite Total
August 1968 12 9.4 25-100 21
46-121b
June 1969 9¢ 1.0 4] 10
July 1970 6 0.0 0 6

IMeristem assumed to be 1 cm ubove soil surface.

bMaximum possible dose rate assuming leaf axil is adjacent to intercalary
meristern and receives a primary particle deposit. Many axils in this position will
not receive primary deposit because upper cunopy will intercept fallout.

“Interpolated tfrom Fig. 3.
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of initial dose rate to meristematic tissue. Estimates for
the initial two-week period ranged from 46 to 121
rads/day. Only limited tissue sites would have received
such an initial dose rate, however. because the upper
canopy intercepted particles before the deposit could
be trapped by tower leaf axils. This action minimized
the maximum exposure to apical and intercalary meri-
stems. Therefore. most tissue sites probably received
not more than the combined external-internal initial
dose rate (~21 rads/day). and only a few meristems
received as much as 121 rads/day. At the maximum
dose rate (121 rads/day). the cumulative estimated dose
was 1700 rads for the initial two-week period after
contamination.

{f radiation exposure occurs during floral (ovule and
pollen) organ initiution and early development, it can
be a major factor intiuencing ultimate yield or produc-
tion. Davies (1968) und Sparrow et al. (1971) found
that exposure during the reproductive phase was more
effective in reducing yield than when exposures are
delivered during vegetative or postflowering phases.
Thus, radiation exposure of fescue in midsummer
would have less effect on seed production than if it
were synchronized with floral initiation and seed
production in early spring.

Based on the assumption that there was a linear
decrease in dose rate trom August 1968 to July 1970 (a
graph of measured dose rate as a function of time had a
negative slope and was slight’ v curvilinear), integrated
dose was easily estimated for selected intervals prior to
flowering. Integrated dose for the period from contami-
“nation (1, = August 1968) to floral initiation (mid-April
1969) was calculated at 4350 rads: the maximum
cumulative dose, including possible microsite exposure,
approximately 6000 rads. Exposures during a shorter
interval preceding floral initiation would be more
realistic for relating dose and effect according to results
from ucute exposures (Davies 1968, Sparrow et al.
1971). For the three-month period prior to flowering
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(February to May 1969), the dose was 1100 rads, not
including exposure from microsite sources.

Integrated dose from t, to floral initiation in the
second growing season was 6800 rads, not including
exposure from microsite particle concentrations. The
short-term cumulative dose from February to May in
1970 was 550 rads. The relationship of response to
cumulative dose for a two-year period probably has
limited value, because continuous replacement and
turnover u: plant structures (leaf, stem, tiller) represent
a succession of tissues, with each generation receiving a
finite amount of radiation. Succeeding tissue genera-
tions would be exposed to less than the cumulative
dose. Derivative cells in meristematic regions may
persist for several generations, however, the genetic
apparatus of these cells could be affected by cumulative
chronic radiation exposure.

Effects on seed production. Fescue seed production
and germination results for 1969 and 1970 are given for -
control, irradiated, and grazed plots in Fig. 4. The
histograms show that both radiation and animal grazing
had an effect on seed production in 1969 and 1970.
Based on combined grazed and nongrazed situations in
1969, panicles from irradiated plots possessed, on the
average, about 50% fewer seeds than those from control
plots. According to ANOVA tests, this irradiation effect
was found to be significant at the 5% level (Tabte 3).

In 1970, panicles from plots exposed to the in situ
radiation source possessed, on the average, about 20%
fewer seeds than those from control plots. Based on
ANOVA tests (Table 4), this difference between irradi-
ated and control again was significant at the 5% level.
Percentage reduction in the number of seeds per panicle
was approximately half as much as in 1970 as in 1969
(20 vs 50%). and it roughly corresponded to the
reduction in dose rate (<21 to <10 rads/day, Table 2)
to meristematic tissue during periods of probable
initiation of new reproductive tissue in 1969 and 1970.
Results indicated that fescue seed production in this

Table 3. Analysis of variance for average seed production per panicle and germination for 1969

Seed production Germination

Source of variation

df MS F-statistic MS F-statistic
Control vs irradiation 1 79.914 9.12* 114.876 2.51
Gruzing vs no grazing - 1 74.181 8.46* 197.388 4.31
Interaction between irradiation and 1 3.500 0.40 35.118 0.77
grazing
Plots within 4 “treatment” combination 4 8.767 0.85 45.776 2.20
Error term 31 10.331 20.797

*Significant at the 5% level
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Table 4. Analysis of variance for average seed production per panicle and germination for 1970

Sced production Germination
Source of variation - - —
dt MS F-statistic MS F-statistic
Control vs irradiation 1 31041 8.79" 165811 1.09
Grazing vs no grazing I 2036.10 57.63** 52.069 0.34
[nteraction between irradiation 1 25463 7.21 243.906 1.60
and grazing

Plots within a ““treatment’™ combination 4 35.33 1.77 152.796 3.93*
Subpiots 24 19.99 2.69%* 38.901 3.76%*
Error term 448 7.4 10.338

*Significant at the 5% level.
**Significant at the 1% level.

chronic radiation environment was related to dose rate
rather than to cumulative absorbed dose. because
cumulative does increased but dose rate decreased as a
function of time.

Substantial differences in seed production were evi-
dent between 1969 and 1970. A muajor part of this
difference was in the form of a larger proportion of
empty seeds in the second-year collection. Since tall
fescue grasses usually are cross-pollinated due to a high
degree of self-sterility (Wheeler and Hill 1957), it is
conceivable that environmental factors such as weather
conditions or limited pollination period could have
affected anthesis, anther dehiscence. or ovule fertiliza-
tion for tall fescue in 1970. Grass pollen also character-
istically is viable for approximately one day (John and
Vasil 1961). General climatic information was collected
for the period of floral initiation in 1970, but there is
no knowledge of micrometeorological events which
may have affected actual pollination, fertilization, or
other reproductive processes. In any event, conditions
were optimum for substantial floral initiation, but
inadequate pollination, fertilization, or seed set resulted
in lurge numbers of empty secds. _

Effects on seed germination. Seed germination is an
end point which measures the quality factor of repro-
ductive germinules. Percentage germination of irradia-
ted seeds was only eight units less than that of controls
(Fig. 4) in 1969, and this small difference was not
significant according to ANOVA tests (Table 3). These
results disclose that germination response was a less
sensitive indicator of radiation effect than seed produc-
tion. This effect can be explained by considering
developmental sequences in sexual reproduction in
angeosperms (including grass), where deleterious etfects
for each genome probably would not be transterred to
subsequent reproduction events (i.e., anomolies at
sporogenesis may vanish before the onset of fertiliza-
tion). The anomoly would disappear from the genome
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and the population and would not be detected when
scoring for effects at later stages of germinule develop-
ment.

Seed germination results for the 1970 collection were
inconclusive, because all 23,781 sceds collected from
control plot P; failed to genminate, and the statistical
test had to be performed using a germination value for
P, which was cstimated from Pg. Accordingly, ANOVA
of 1970 germination data showed no significant differ-
ence between irradiated and control plants (Tuble 4).
Secd set results were similar for both control pluts (Py,
P ) in 1970 (Fig. 4). therefore, anomolous germination
in the control plot (P;) was attributed to undefined
factors which existed after seed set. because normal
caryopses were evident in sceds at the time of collec-
tion. Fertilization presumably was normal: otherwise.
mature caryopses would not have developed. Normal
seed production was observed from P, collections in
1969: thus, peculiar resuits in 1970 germination tests
are more likely to be related 1o undefined germination
conditions in the luboratory rather than to radiation
effects and sced production phenomena in the field.

Effect of animal grazing on fescue reproduction.
Cotton rat grazing during tloral initiation had a signifi-
cant effect on inflorescence development. seed produc-
tion, and seed germination in both control and irradia-
ted areas. From four to seven cotton rats were present
in P, , g areas during floral initiation (variable
populations were a function of trapping efficiency), and
the rats selectively grazed developing floral parts.
Flower stalk destruction was appreciable, and the
average number of flower stalks was reduced by 85% in
1969 (Fig. 5). Flower-stalk grazing seemed to be related
to chewing rather than feeding activity, because large
collections of destroyed flower stalks commonly were
evident in the grazed areas. Additionally, rats often
grazed only the stem parts and discarded the inflores.
cence. presumably the more nutritious plant part.
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Fig. 5. Relative abundance of standing fescue stalks in 1969.
[Four to seven cotton rats were present in the grazed areas
during tloral initiation and stalk development.

Cotton rat grazing also reduced panicle seed produc-
tion through direct but apparently subtle damage to the
developing inflorescence. Suppressed panicle seed pro-
duction also may have been caused by some form of
grazing-induced stress on the plant community, the
response being in terms of diminished sexual reproduc-
tive capacity. Relative to controls, the effect ot grazing
on seed production was significant in 1969 at the 5%
level and in 1970 at the 1% level. The cotton rats were
removed from the experimental areas prior to floral
initiation in 1970, and supression of germination in the
second year apparently was a carry-over effect from
prior grazing impacts.

Relative effects from exposure to point source and in
situ radiation. Results from this investigation clearly
demonstrate that sexual reproduction was reduced
appreciably by chronic in situ '37Cs radiation. Com-
bined internal-external radiation resulted in 50% less
seed production and 8 percentage units less germination
when the regime ranged from 21 rads/day initially to 10
rads/day at first-year floral initiation, excluding possible
dose from microsite particle concentrations. Compared
with point source exposures, the in situ radiation
regime of these experiments would be more analogous
to what would be expected from actual fallout particle
contamination events. Cumulative absorbed dose for
the three-month period prior to flowering was approxi-
mately 1100 rads and was equivalent to low doses
which have induced stimulatory effects (Skok et al,

1024709

996

1965. Sparrow 1966) n angiosperms. Information from
other experiments on vield reduction or stimulation at
low dose rates for total exposures essentially is nonexis-
tent for graminaceous plants. however.

Bused on dose effects data for acute point source
exposure of agronomic graminaceous plants such as
wheat (Duvies 1968) und maize {Sparrow et al. 1970).
total dose from in situ field exposure tfor ORNL
experiments was of sutticient magnitude to cause a seed
yield reduction. Dose rates in the simulant study were
substantially lower (as much as three orders of magni-
tude less) than in cuses where plants were exposed to
either constant acute or tallout decay radiation. In 4
chronic exposure ot another fescue species. Miller
(1968) observed that 8.7 kR ot chronic external gamma
radiation from a point source caused an effect on
Festuca sciurea when 1he exposure rate was approxi-
mately 300 R/day. Total exposure in his study was
twice as greut as that reccived by tall fescue in our
simulant study (8700 kR vs 4350 rads). and exposure
rate was more than an order or magnitude greater (300
R/day vs 10 to 21 rads/day). Chronic exposure rates
which have caused 50% mortality for other angiosperms
can range from 32 R/day tor Viburnum to 150 R/day
for red maple (Sparrow et al. 1970). In these cases.
exposure rates were upproximately 1.5 to 10 tmes
greater than the 21 radsiday dose rate estimated in the
current experiment. Causation of effects in the ORNL
chronic in situ radiation experiments supports other
tield observations where contact exposure from actual
fallout deposits has reduced growth or caused mortality
of plants. Considening integrated dose trom gammu
radiation only. Rhoads et al. (1969a) noted that tallout
field irradiation was as much as five times more
effective than °°Cu point-source exposure in causing
damage to Artemisiz (600-R tallout field vs 3000-R
#0Co). The dilterence was attributed to additional
contact or beta-bath dose trom tailout particles.

Fallout deposits on and in proximity to graminaceous
vegetation apparently can provide more eftective radia-
tion exposure to basal meristems. Principal tissue
irradiation occurs in the torm of beta bath from
external particle deposits and from internal sources ot
absorbed radioacuvity. This combination of radiation
dose caused a reduction in seed yield at relatively low
dose rates. whereas doses from external sources alone
have induced effeets at substantially higher dose rates
and total dose. While experimental data from point
source exposure readily provide relative profile response
information for various plants. actual respunse to
sublethal tevels of fallout radiation may be more
accurately determined from experiments of simulated
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contamination as used in this study. Decreased seed
production of pasture or forage gruss may not be a
serious  consequence of contamination in an actual
fallout situation because grasses usually are maximized
for vegetative rather than seed vield. But if the same
effect applies to cereal crops. and it probably would
apply because wheat and corn are more radiosensitive
than forage grasses. then SO reduction in grain yield
could be expected in areas which receive close-in fallout
trom nuclear explosions.

Comparative radiosensitivity. Increasing public inter-
est i potential biotic impacts from radioactivity
released  from nuclear technology calls for a brief
discussion of compurative radiosensitivity of organisms
and populations. Although various exposure and biolog-
ical conditions intluence radiation responses. summaries
from many reveal that diverse groups of
organisms  exhibit L arying degrees of sensitivity. For
example. mamma:s are more sensitive than insects and
bacteria and probably are the most sensitive of ail
organisms (Odum 1961): cereal grains generally are
more sensitive than forage crops (Miller and LaRiviere
1966. Sparrow et al. 1971). The relative order of plant
community sensitivity is coniter > deciduous forest >
grassland (Woodwell and Sparrow 1965). Humans are
among the more sensitive mammals. In situations where
human populations are exposed to low levels ot ionizing
radiation, the objective is to keep exposure to a
minimum and as low as practicable in connection with
releases trom nuclear fa ilities. Excepting medical
doses. this minimum has b.on defined as less than 170
millirems/vear. and for exposure to off-site populations
from light-water-cooled reactors. the proposed limit
should not exceed 5 millirems/year {Atomic Energy
Commission 1971).

[n the present study, a dose rate of 10 to 21 rads/day
and a cumulative dose of approximately 4350 rads
caused detectable effects in fescue reproduction, but
these etfects were demonstrable only when intensive
sampling procedures and sensitive statistical analyses
were employed. When compared with laboratory ex-
posure data for approximately equivalent doses to
meadow fescue (Sparrow et al. 1971). ORNL results
indicate a tactor of 10° reduction in the dose rates
which will produce an effect on grass when the
radioactivity is intimately associated with an organism’s
tissue and immediate environment. The dose rate in the
present study was a tactor of 20 lower than that which
reduced  Festuca scinreg density in Miller's (1968)
old-ticld irradiation. Cautious comparison is recom-
mended. however, because total exposure was dissimilar
Ctall tescue received 4350 rads vs 8700 R tor F sciurea)

stachics
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and end points were different in the two studies (seed
production and germination vs plant density).

Cumulative dose which was required to produce an
effect in the simulated fallout regime was still a factor
of 10* higher than the allowable human exposure of
170 millirems/year, according to present standards. The
experimental results reported herein provide additional
support for the conclusion reached by Auerbach et al.
(1971):*ecologists. . . have not found any organisms
which. within an environmental context, have a radio-
sensitivity at the levels of release permitted under
current standards.”

By employing an extensive field experiment involving
replicated fallout-simulant radiation sources. and using
intensive sampling and statistical analysis. it was demon-
strated that low-intensity radiation decreased seed
production of tall fescue. In the agronomic context this
effect easily could be manifested in terms of diminished
yield of grain crops. A 50% decrease in seed yield in a
native population would greatly affect a species’ repro-
ductive capacity in terms of reduced ecesis and estab-
lishment. Resultant ecological manifestations would be
lowered species success and changes in community
composition, both indirect impacts attributable to
sublethal deposits of fallout radiation.
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