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EFFECTS OF CHRONIC GAMMA RADIATION ON THE
STRUCTURE AND DIVERSITY OF AN OAK-PINE FOREST*
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INTRODUCTION

The higher plants and the communities they form
on land have evolved under radiation exposures
rarely exceeding 15 Roentgen/yr. In contrast to these
low exposures, use of atomic energy introduces the
possibility of contamination through war or accidents,
raising exposure levels for relatively brief periods
to hundreds or even thousands of R/day and to lower
levels for much longer periods. Such exposures are
clearly beyond the evolutionary experience of higher
plants and raise the practical question of what high
radiation exposures would do to the natural communi-
ties of forest and field which form the living matrix
of civilization. In addition, ionizing radiation, be-
cause it has far-reaching and fundamental effects on
living systems and can be controlled easily, offers new
opportunities for the study of life itself.

Studies of the ecological effects of ionizing radiation
seem particularly pertinent and fundamental because
the principal effects of such radiation appear to be
on the hereditary material, the chromosomes. Some
of the most convincing evidence for this relationship
is the correlation shown by Sparrow and his col-
leagues between the sensitivity of plants to radiation
and volume of the cell nucleus (Sparrow & Evans
1961), total DNA per nucleus (Sparrow & Miksche
1961) and interphase chromosome volume (Sparrow,
Schairer & Sparrow 1963). The correlation is espe-
cially significant because there is within the plant
kingdom an enormous range of radiosensitivities
among taxa, microorganisms being in general re-
sistant and higher plants, especially the woody plants
(Sparrow & Sparrow 1965), generally sensitive. The
range spans several hundredfold among the higher
plants and more than a thousandfold if mosses,
lichens and microorganisms be included. The corre-

1 Research carried out at Brookhaven National Laboratory
under the auspices of the U. S. Atomic Energy Commission.

2 Present address: Biology Department, Denison University,
Granville, Ohio.

Oak-pine forest ............... ... ... .. .... 59
SPECIES DIVERSITY . ... ......ooinniinnnneneennnn 59
MORTALITY OF TREES . ........cuoviuuiueanennnns 60

Tree survival and radiation exposure ....... 60

Effects on ecrown condition ................ 61

Relationship between mortality and size of trees 62
Discussion
RADIATION EFFECTS ON STRUCTURE OF THE FOREST 64
DIVERSITY AND ABUNDANCE
RADIOSENSITIVITY AND CHROMOSOME VOLUME . . ... 66
RELATIONSHIP BETWEEN CHRONIC, CUMULATIVE,

ACUTE AND FALLOUT EXPOSURES ............ 66
SUMMARY ...ttt it e 67
LITERATURE CITED ... ...ttt s 68

lation between chromosome volume and radiosensi-
tivity has been useful in predicting radiation damage
to plants and even to vegetations (Sparrow & Wood-
well 1962; Woodwell & Sparrow 1965), although it
is clear that many additional factors are involved in
the ecological effects of radiation (Woodwell 1962;
Sparrow & Woodwell 1963 and others).

With the dual purpose of providing for basie
studies of a natural community and of resolving some
of the ecological questions associated with radiation
exposures, a natural forest stand on Long Island
is being irradiated chronically with gamma radiation
from 9500 curies of Cesium37 (Woodwell 1963a).
Irradiation over three years has produced striking
changes in the structure of this forest, some of which
have been reported elsewhere (Woodwell 1962,
1963a,b, 1965 ; Rebuck 1964 ; Brower 1965; Brayton &
Woodwell 1965). The purpose of this paper is a de-
tailed analysis of the changes in structure and di-
versity of the plant community during the first 3
yr following commencement of the irradiation.

Few quantitative studies are available on the ef-
fects of ionizing radiation on plant populations in
nature. Bomb test sites have been restricted gen-
erally to deserts and tropical atolls with limited
floras. Dosimetry has been necessarily poor at test
sites and the effects on plants of radiation exposures
have usually been difficult to distinguish from effects
of heat, blast (Shields & Wells 1962; Fosberg 1959;
Blumberg & Conard 1960; Palumbo 1961) and dust
deposits (Beatley 1965). At the Lockheed reactor
in northern Georgia, R. B. Platt and his students have
made a series of detailed studies of the effects of
intermittent mixed gamma-neutron radiation from a
partially shielded reactor on both forest (Platt
1965; MeGinnis 1963; Pedigo 1963) and old-field
communities nearby (Daniel 1963). Here, pines
(Pinus taeda and P. echinata®) were killed by total

* Nomenclature follows Fernald 1950.
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exposures of about 7500 rads while certain dominant
oaks (Quercus alba, Q. stellata, Q. velutina, Q. falcata,
and Q. coccinea) survived total exposures exceeding
10,000 rads. Herbaceous old-field communities were
substantially more resistant (Daniel 1963). The
reactor was operated intermittently and dosimetry
was difficult because of shielding from the terrain
and from stems of large trees and because the ratio
of neutron to gamma radiation shifts with distance
from a reactor (Cowan & Platt 1963). Nevertheless,
these studies have shown that exposures of 10,000
rads administered in any period of less than a few
days cause widespread mortality among plant popu-
lations of both coniferous and deciduous forests. The
studies have, moreover, raised the possibility of using
ionizing radiation for experimental studies of the
structure and funection of natural vegetations.

The high sensitivity of pitch pine trees to damage
from ionizing radiation was noticed in an oak-pine
stand at the edge of the gamma radiation field at
Brookhaven, an observation which brought wide-
spread interest in the potential ecological effects of
radiation (BNL 1959). The progressive mortality
of Pinus rigida in this forest since 1958 has been
described by Sparrow et al. (1965), with emphasis
on the changing relationship between exposure rate,
total exposure and mortality. With increasing time
and inereasing total exposure, the rate of mortality
dropped as some equilibrium between damage and
repair approached.

A complementary series of studies has been re-
ported by Woodwell & Oosting (1965) for herbaceous
plant communities of old fields on Long Island. The
principal effect of irradiation here was simplification
in species composition, a 509 reduction in diversity
occurring at approximately 1000 R/day. Total
organic production inereased in the first-year com-
munity to about 800 g/m2 at 1000 R/day and de-
clined abruptly at higher exposures. Diversity and
other indices of community structure related to spe-
cies presence were approximately linearly related
to the logarithm of exposure rate. Measures of
dominance showed no simple relationship to radiation
exposures, an observation suggesting that dominance
is determined principally by competitive factors, not
by the intensity of disturbance. In general, these
communities were resistant to radiation damage in
comparison with forests, the differences being as
much as ten times (Woodwell 1965a).

One of the most revealing experimental studies of
the effects of ionizing radiation on a plant com-
munity is that reported by MecCormick & Platt (1963).
In this study herbaceous eommunities characteristic
of the rock outerops of upland Georgia were trans-
ported to a gamma radiation field on the Emory
University campus and radiation-induced changes
in these communities were observed over a 3-yr
period. The herbaceous communities here again were
substantially more resistant than the forests. At
8,000 R total exposure, density of the most sensitive
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species was reduced, with a concomitant increase in
density of more resistant species. At exposures in
excess of 40,000 R, the community was drastically
simplified by the selective elimination of sensitive spe-
cies. An unusual type of “stimulation” of a popula-
tion was observed. In the year following irradiation
Arenaria, an annual, increased in abundance and
vigor in the irradiated communities at the expense
of Diamorpha, another annual. The cause of this
shift is unknown.

Most other work on radiation effects on plants has
dealt with individual plants or plant populations
under cultivation. This work has been extensive
(Sparrow, Binnington & Pond 1958) and has been
reviewed elsewhere (Sparrow 1962; Read 1959;
Gunckel & Sparrow 1961).

OBJECTIVES

The Irradiated Forest Experiment was established
specifically to provide a research facility for quanti-
tative study of the effects of chronic gamma radiation
on plant and animal populations in nature. The
work reported in this paper was restricted to the
plant populations and had two central objectives:
first, measurement of the relationship between radia-
tion exposure and damage to plants in nature; and,
second, but of no less importance, determination of
the patterns of change caused in the community by
irradiation.

METHODS

Design of the experiment. Design of the Irradi-
ated Forest Experiment has been described in de-
tail by Woodwell (1963a). The source of radiation
is 9500 curies of Cesium137, centrally located in an
oak-pine stand on the Brookhaven National Labora-
tory site. The source was installed on November 22,
1961. It can be lowered into a lead container by
operation of a winch in a remote station allowing
safe entry to the forest. Radiation exposures range
from several thousand R/day within a few meters
of the source through about 1.5 R/day at 125 m and
to background levels at greater distances. The source
normally irradiates the forest for 20 hr daily and
is shielded during 41 hr.

Two restrictions on the selection of the forest
were imposed by the need for information about the
effects of ionizing radiation of different intensities
on this vegetation. The forest had to be relatively
homogeneous throughout the area in which effects
would oceur. This requirement allowed replication
of plots for at least the most abundant species. The
requirement of homogeneity and praectical limitations
imposed on the size of the source by the interests of
human safety meant that the ecosystem had to be
relatively simple as well. The Long Island oak-pine
forest contains few species and is relatively homo-
geneous. Furthermore, it occurs on deep, sandy soils
which are comparatively uniform over large areas and
on level or nearly level land (Conard 1935). In
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these respects both vegetation and site appeared par-
ticularly well suited to this study.

Size and arrangement of the permanent plots.
Permanent plots were placed after professional sur-
veyors had marked sixteen radii around the source,
each bisecting a 22.5° sector.

Plot size and orientation were dictated by the dosim-
etry. The difficulty of using curved lines in the field
precluded plots with curved sides. Small square plots
were arbitrarily chosen as the best ultimate units.
Plots were arranged in concentric ring zones (Wood-
well & Hammond 1962; Woodwell & Bourdeau 1962;
Woodwell 1963a). The basic plot size was estab-
lished as 2 x 2 m, but within 10 m of the source,
where the exposure gradient with distance was steep,
plots 145 x 15 m were used and, between 10 and 30 m,
plots were 1 x 1 m. The 2 x 2 m plots were used at
all greater distances. Areas studied in each of the
4 yr appear in Fig. 1.

A\

<

1961
1562
=3 1963
3 1964

Fig. 1. Areas of the Irradiated Forest in which the
vegetation was inventoried. The inventory was applied
annually to*all woody plants 1 m and taller; other
vegetation was sampled. The methods of inventory are
deseribed in Woodwell & Hammond (1962).

The use of small plots provided detailed informa-
tion about the location of any unit of vegetation
with respect to the source and, within limits of the
size of the plot, established the basis for the dosime-
try for that plot.

Dosimetry. The distribution of radiation ex-
posures in this forest has been measured in a variety
of ways and described in detail (Woodwell 1963a).
The prinecipal variability other than distance was in-
troduced by shielding from the stems of trees, which
reduced exposures by as much as 509%. A rule of
thumb useful in such work is that there is a 5% re-
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duction in dose for each centimeter of tissue inter-
vening in a direct line to the source. The net effect
of this shielding was to allow survival of shielded
plants or portions of plants at distances where the
average exposures were in fact lethal for those spe-
cies. Radiation exposures reported in this work are
average exposures at the middle of each ring zone,
measured along the central line of each sector 1 m
above the ground. Original dosimetry was with film
badges (Woodwell 1963a). Thus the exposure for
ring zone 31, between 20 and 22 m from the source,
was measured at 21 m in the center of each sector.
This radiation exposure was subject to two sources
of variation: first, variation contributed by shielding
from the stems of trees; and second, variation across
the span of each ring zone. Shielding from trees
produced the frequency distribution of exposure
shown in Fig. 2. In general, average exposures rose

Fie. 2. Radiation exposures at 1 m above ground in the
Irradiated Forest. Shielding by the vegetation produced

this pattern of radiation exposures. Curves were based
on about 600 measurements. The distribution of mass
in the vegetation was such that the span from maximum
to minimum exposure at any distance was less than that
indicated at heights above 1 m and more than indicated
at heights less than 1 m.

slightly at heights above 1 m as the density of vege-
tation decreased, and- dropped substantially at the
soil surface where shielding was muceh greater. Av-
erage energy of the radiation had parallel varia-
tion, declining near the ground and increasing with
height as the mass of vegetation declined.
Vegetation survey. The survey of vegetation was
designed to provide detailed information about species
composition, physiognomy, and vigor of the vegeta-
tion and to provide as well a measure of the height
and vigor of all plants 1 m tall and taller. The sur-
vey was therefore a total inventory of these plants;
plants of lesser height were sampled (Rebuck 1964).
A coding system was used for recording data so they
could be punched conveniently onto cards and tabu-
lated by machine (Woodwell & Hammond 1962).
The vigor or condition of individual trees was ap-
praised by a series of condition classes that were
designed as appropriate for the species of this ex-
periment and for the types of changes anticipated.
Condition classes in angiosperms were estimates of
the fraction of twigs in the living crown which bore
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leaves and were also an indieation of the proportion
of buds which survived. Length of the living erown
and the presence and abundance of stem and basal
sprouting were also measured. A tree which bore
no leaves, either in the crown or as sprouts, was con-
sidered “dead.” This meant that mortality was arbi-
trarily based on the absence of green foliage (for de-
tails see Woodwell & Hammond 1962).

These criteria, applied to angiosperms, could not be
applied conveniently to the pines, which may retain
their needles under irradiation for as much as two
years. Instead, needle color and extent of shoot
elongation were the basis for the condition code used
in 1963, 1964 and 1965 (Rebuck 1964).

The condition of vegetation less than 1 m in height
was appraised by condition classes applied to the
entire population of each species in each plot. All
condition data were expressed as living buds as a
percentage of total buds.

In 1961 and 1962, sampling of the low shrub
and sedge layers was by plots, randomly placed in
rings at 10 m intervals, in which stems were counted
by species and cover of any species in excess of 50%
was noted. Dry weights were obtained by species
from two 1% x %4 m clipped subplots. Because the
method was time consuming and provided an inade-
quate sample it was replaced in 1963 with estimates of
cover in per cent. Fifteen plots were chosen ran-
domly from every third ring zone and cover was esti-
mated on each of four % x %% m subplots in each
main plot, making a total of 60 estimates of cover in
each ring zone. The sample plots were resampled in
subsequent years.

RESULTS
STRUCTURES OF THE OAK-PINE FOREST

The Long Island oak-pine forest contains four
layers (synusiae, sensu Daubenmire 1952; Reiners
1964), their distinctiveness being largely the result of
dominance by one or a few species in each layer. The
tree layer includes all trees over 3 m tall. The high
shrub layer consists of shrubs and trees 1-3 m tall;
the low shrub layer, shrubs 0.3-1 m tall. The ground-
cover layer includes all the herbaceous species and
woody plants less than 0.3 m tall.

In the tree layer the most abundant species are
white oak (Quercus alba), with 509 of the total
tree density (Table 1), searlet oak (@Q. coccinea),
piteh pine (Pinus rigida) and black oak (Q. velutina).
Species present at very low densities are red maple
(Acer rubrum), black cherry (Prunus serotina), and
sassafras (Sassafras albidum). While the density
of tree stems is relatively high (2203 stems per hec-
tare), low stature and poor crown development, of
white oak in particular, give the forest an open ap-
pearance. The open aspeect may be due in part to its
relative youth. Age determinations of more than 100
trees showed most oaks to be 40-45 yr and none over
64 yr of age, while some of the large pines were as
much as 100 yr old. These older pines survived one

Ecological Monographs
Vol. 37, No. 1
TABLE. 1. Density and conditions of plants in the
Brookhaven oak-pine forest in 1961 prior to irradiation.
X indicates less than .001 stems/m2.

Height Class
Avg. crown
3 m and condition
<03m }0.3—1 m‘ 1-3 m | taller
. % live
Species Stems/m? Total twigs
Quercus clba .046 .150 .056 126 .378 62
Quercys coccinea .039 .106 .057 .049 .251 68
Pinus rigida .035 .018 .017 .034 .104 75
Quercus velutina .005 .029 .011 .011 .056 60
Quercus ilicifolia .029 .029 .097 .001 .156 62
Prunus serotina .001 X b3 .001 —
Acer rvbrum .001 .001 .001 .003 —
Quercus prinoides .006 .005 .011 -
Sassafras clbidum .001 .001 .002 —
Vaccinium vacillans 4.53 4.53
Gaylussc cia baceata 1.45 1.45
Myrica pensylvanica 0.71 0.71
Lyonic mariana 0.31 0.31
Amelunchier
stolonifera 0.01 0.01
Carez pensylvcnica | 1.75 1.75
Vaccinium
angustifolium 1.51 1.51

or more fires between 1910 and 1920, and consider-
able disturbance from military activity during the
First World War.

The high shrub layer is dominated by bear oak
(Quercus ilicifolia), the only important species with
a high shrub life-form. Lyonia mariana, Clethra
alnifolia and Vaccinium corymbosum, characteristics
of wetter sites, and Quercus prinoides, more abundant
in open spaces, are all infrequent here. Bear oak
occurs somewhat irregularly and the high shrub
layer is discontinuous.

The dense low shrub layer consists primarily of
black huckleberry (Gaylussacia baccata) and low
blueberry (Vaccinium wvacillans). Also present are
bayberry (Myrica pensylvanica), lambkill (Kalmia
angustifolia) and shadbush (Amelanchier stolonifera).

Extensive colonies of low sweet blueberry (Vac-
cinium angustifolium) form the ground-cover layer,
along with a few herbaceous species. The density of
Carex pensylvanica, counting single clumps as
“stems,” approximates the density of V. angustifolium
stems. Other species are infrequent and were not
recorded from the sample plots in 1961. They include
in approximate order of frequency: Helianthemum
canadense, Melampyrum lineare, Solidago odora,
Aralia nudicaulis, Pteridium aquilinum, Panicum sp.,
Baptisia tinctoria, Chrysopsis mariana, Deschampsia
flexuosa, Cypripedium acaule and Apocynum an-
drosaemifolium.

ZONATION OF VEGETATION AFTER IRRADIATION

Radiation effects were conspicuous in the spring
of 1962, approximately 6 months after installation of
the source. In general, the pattern of effects was
closely related to the stratification of the vegetation,
with the tree stratum the most sensitive and the ground
cover layer the most resistant. Five concentric rings
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were apparent: a Devastated Zone where all peren-
nials were killed and only a few herbaceous plants,
lichens, and mosses occurred during the entire year;
a Carex Zone in which the sedge, Carex pensylvanica,
was the principal vascular plant; a Shrub Zone in
which both Carex and the ericaceous shrubs survived;
an Oak Forest Zone in which oak and the more re-
sistant plants survived but not pine; and an Oak-
Pine Zone in which the forest was intact (Woodwell
1962). During the following years these zones be-
came appreciably wider (Fig. 3).

Fie. 3. Irradiated Forest, 1964. Five zones of vegéta-
tion persisted throughout 4 yr of irradiation: a, Devas-
tated Zomne; b, Carex Zone; ¢, Shrub Zone; d, Oak For-
est; and e, Oak-Pine Forest. Zones became somewhat
wider with time but changed little in terms of diversity
of species.

Devastated Zone. All woody plants and most her-
baceous plants were killed in the first year in the
central area where average exposures were more
than 200 R/day. Mortality was apparent first in
the pines near the source which turned brown dur-
ing the winter. By spring the mortality of deciduous
plants and the sedge was conspicuous within 18 m
of the course (203 R/day). A few new green leaves
were borne on shielded buds of the more resistant
species but most of these survived only a few weeks.
By midsummer the prineipal species of higher plant
surviving within 18 m of the source was Carex
pensylvanica, which persisted in the zone receiving
200-300 R/day (average exposure) as small tufts in
well shielded spots through 4 yr irradiation.

No adventives were observed in the Devastated
Zone in the first year of irradiation (1962). Her-
baceous plants indigenous to the forest did survive
here, usually as isolated individuals. These included
Baptisia  tinctoria, Apocynum  androsaemifolium,
Solidago spp. and Melampyrum lineare. In subse-
quent years adventives have survived ineluding prin-
cipally Erigeron canadensis and Erechtites hieraci-
folia but their success has been limited and no clear
successional pattern has been established in four
summers. There is, however, a striking increase in
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the amount of Cladonia on the soil surface. The sue-
cession of herbaceous plants has been described in
detail by Wagner (1965).

Carex Zomne. Carex pensylvamica is one of the
most radiation resistant of the higher plants of this
forest. It has an irregular distribution in the normal
forest, oceurring as dense patches where the canopy
is open and as secattered individuals or small tufts
in the closed canopy stands (Rebuck 1964). In the
irradiated forest it survived in zones where average
exposures were less than 300 R/day but its vigor and
density were reduced substantially at these high ex-
posures (Figs. 3 and 4). Where competition by other
species, especially the trees, was removed by irradia-
tion, it expanded its populations in 2 yr to cover as
much as 209 of the total ground surface and as much
as 37% in 3 yr (1965). Locally, in areas of 10 m x
10 m, it covered as much as 909 of the ground, but
its distribution tended to be irregular. Increases in
its abundance were apparent within an exposure
range of 17-160 R/day beginning in 1962 (Fig. 4).

DENSITY OF SHRUBS AND GROUND COVER (1962)
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F16. 4. Density of shrubs and ground cover in Irradi-
ated Forest (1962). The expansion of Carex and Vaec-
cinium populations continued in subsequent years, with
the peaks of density shifting toward slightly lower ex-
posures.

Within this zone flowering and seed set were com-
mon.

Other higher plants ocecurring in this zone as
scattered individuals over the 3 yr of irradiation have
included those listed for the devastated zone above.
Of these Baptisia, Solidago, Melampyrum and prob-
ably Apocynum were present in 1962.

Shrub zone. While the responses of the several
shrub species were far from uniform, the general
ranges of radiosensitivities coincided sufficiently to
produce a zone in which the shrubs and Carex both
survived, the shrubs forming a conspicuous if dis-
continuous layer. The boundary of any such zone
must be somewhat arbitrarily drawn. In 1962 few
shrubs reached their normal stature at exposures
above 150 R/day and the shrub zone was defined
as extending from areas exposed to 150 R/day to
areas receiving 40 R/day, where the tree canopy was
about 509 normal. The shrubs survived at lower
exposures in the intact forest, of course. Within the
shrub zone there were individual differences in the



58 G. M. WoobpwEgLL AND A. L. REBUCK

Ecological Monographs
Vol. 37, No. 1

TABLE 2. Abundance of low shrubs and ground cover in 1963, 1964 and 1965, approximately 18, 30 and 42
months after commencement of irradiation. Abundance measured as per eent cover averaged over 60% m x % m
plots. Dash indicates no sample taken. Blank indicates absence of species from sample.
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TABLE 2. Continued
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responses of the various species. In general the
Vacciniums were more resistant than the Gaylussacia
(Fig. 4). For example, the density of Vaccinium
vacillans at 150 R/day was approximately the same
as in the nonirradiated zone, while the Gaylussacia
populations declined continuously at exposures above
17,5 R/day.

By summer of 1963 the tree canopy had been re-
duced to about 509 of normal under chronic ex-
posures as low as 8 R/day, changing the environ-
mental conditions for shrubs and ground -cover
greatly. These changes included gradual further
shifts in the abundance of the indigenous species and
invasion by a limited number of adventives. The
distribution of species for 1963 to 1965 is shown in
Table 2. There was a regular decline in the average
cover of (taylussacia all along the radiation gradient.
Vaccinium vacillans populations inereased slightly as
the Gaylussacia declined while the Carex increased
greatly. The parallel between this pattern of radia-
tion-induced damage in the shrubs and the ground
cover and that induced by fires has been discussed
in detail by Brayton & Woodwell (1965).

Several species occurred only in the area where the
forest had been disturbed (Table 2). These were
species characteristic of early stages of succession,
such as Erechtites hieracifolia, Polygonum sp., Comp-
tonia peregrina, Erigeron canadensis and Rubus sp.
While the presence of these species is an indication
of succession in this devastated central area, it is clear
that the establishment of suecessional species has been
slow, despite the influx of an abundance of seeds
(Wagner 1965).

Oak forest. The pine, Pinus rigida, was the most
sensitive plant and was selectively killed over the
largest area. Its removal left a ring of oak forest
containing standing dead pines and an intact ground
cover. The radiation exposures at the boundaries of
the oak forest can be defined only relatively arbi-
trarily since shielding and possible differences in
radio-sensitivity within and among species produced
a transition zone spanning a considerable range of ex-
posures. Using 509, cover as a criterion, the boundary
of the forest in 1962 occurred at 40 R/day. Rapid

changes were occurring in the pine populations at
this time. By Oectober 1962, 509 of the pines were
dead at 16 R/day, leaving the oak forest showing
varying degrees of radiation damage at exposures
between 16 and 40 R/day. In 1963 by the same eri-
teria the oak forest zone spanned an exposure range
between 15 and 24 R/day and in 1964 between 7.4
and 12 R/day.

Oak-pine forest. At exposures less than 12 R/day
in 1962, approximately 7 R/day in 1963 and 4.2 R/day
in 1964 there was no mortality of pines or other
species in the forest and composition of the plant
community was unchanged. In this zone, however,
and extending to areas receiving as little as 1 R/day,
there was measurable reduction in the height growth
of stems of trees, including both pines and oaks
(Woodwell & Sparrow 1963). Radiation will prob-
ably affect succession in the forest at these low
exposures in time.

SPECIES DIVERSITY

The zonation of vegetation around the source re-
flected a systematic decline in the numbers of species
of higher plants at higher radiation exposures. The
shift in numbers of species is best indicated in terms
of species per unit land area. In a forest measure-
ment of diversity on a unit land area is diffieult be-
cause of the very great differences in sizes of plants.
For that reason plots of different sizes were used
for the several strata: plots of 1 m? were used for the
herbs, shrubs and transgressives up to 1 m tall, and
plots 2 x 2 m for larger plants. Fifteen randomly
selected plots were used at each exposure level.
The curve of diversity for 1962 (Fig. 5) shows an
abrupt decline from about 5.5 species per plot at
exposures less than 17 R/day to zero at exposures
above 300 R/day. The curves of later years paralleled
this at slightly lower exposures. The 509, diversity
point occurred in 1962 at 160 R/day; in 1963 at
about 95 R/day and 1964 at about 90 R/day. Zero
diversity by this sampling technique occurred in all
3 yr at 300 R/day. The few herbaceous invaders oc-
curring at higher exposures did not oceur in the
samples taken for diversity.
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DIVERSITY IN AN OAK-PINE FOREST
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Fig. 5. Diversity of species along the radiation

gradient. Diversity of plants 1 m tall and taller was
measured on plots 2 m x 2 m; diversity of smaller
plants was measured on plots 1 m2. Fifteen such plots
were measured at each radiation exposure in each year.
Invasion had virtually no effect on these eurves through
1964.

MoRTALITY OF TREES

Tree survival and radiation exposures. Pine trees
near the source were the first of the plants in the
forest to show conspicuous signs of damage from
irradiation. During the winter and spring of 1962
needles of damaged trees became progressively mot-
tled and brown. Browning was particularly rapid
during warm periods in February and March and
was followed by dehiscence. Damage to deciduous
trees and shrubs was apparent only as buds failed
to expand normally during the spring. Those leaves
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F16. 6. Survival of trees in the Irradiated Forest in
summer 1962, about 8 months after commencement of
irradiation. Many pines exposed to between 20 and
100 R/day died during the summer. The rate of mor-
tality of pines dropped markedly in the fall when the
pattern of survival was that shown by the Oectober
curve. There was very little additional mortality of
oaks during the summer, the next inerement of damage
appearing at the time of bud break in the spring of
1963.
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which appeared, persisted throughout the growing
season until dehiscence in the fall. In pines the pro-
gression of damage was apparent throughout the year,
although inerements were most conspicuous during
periods of hot, dry weather.

Mortality of the three dominant tree species as
measured in July and August of 1962, appears in
Fig. 6. In compiling these curves, any tree bearing
a green leaf was “alive” and any tree with no green
leaves was “dead.” Because sprouting from shielded
buds at the base of the stem was common, especially
among the oaks of this study, survival curves were
drawn based on two separate ecriteria: survival of
crowns alone, that is, excluding basal sprouts; and
survival of trees including basal sprouting. The
survival eurves for trees reported here include sprout-
ing from the base as a criterion of vitality. In the
data of 1962 no distinction was possible between the
survival curves of white oak and scarlet oak and both
curves are indicated by a single line in Fig. 6. LDy,
values for the oaks and pine on the basis of these
curves were 84 R/day and 61 R/day, respectively
at midsummer. This was reduced to 16 R/day for
pine by October 12, 1962. No such change during
the summer was obvious for the oaks.

In the summer of 1963 there was a conspicuous in-
crease in the circle of damage around the source.
Scarlet oak was slightly more resistant than white
oak although the difference does not appear to be
great in the curves of Fig. 7. The LD;, for scarlet
oak in midsummer of 1963 was 66 R/day and for
white oak, 60 R/day. The LDy, for pine at this time
was 15 R/day, substantially the same as for the
previous fall.

By summer of 1964, the average exposures at
which mortality was 50 per cent of the control had
declined further, to 55 R/day for scarlet oak, 35
R/day for white oak and to 7.4 R/day for pine and

/T TTTTTT T T T 117TT T T T TTTIT
100 © o o -1
,%) 196 ® Quercus alba _
90 }I : x Quercus coccinea
o Pinus rigida
75— -
:t' 60~ Quercus coccinea .
; Pinus rigida
x 45 -
=3
73
¥ 30 —
15~ -
0 sl 1l 1 ol Ll 1111
[o] 5 10 50 100

EXPOSURE IN R/day

F1a. 7. Survival of trees in the Irradiated Forest in
summer 1963. The survival curve for Pinus rigida was
approximately the same as for the previous October
(Fig. 6). Q. coccinea was at this time slightly more
resistant than Q. alba, as predicted from the volume of
the cell nueclei.
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SURVIVAL OF TREES EXPOSED TO
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Fi1a. 8. Survival of trees in the Irradiated Forest in
summer 1964.

the curves of scarlet and white oak had become dis-
tinet (Fig. 8).

Effects on ecrown condition. Survival percentages
for even dominant species provide only a partial
measure of change in structure of a community. An-
other criterion especially useful in estimating degree
of disturbance is erown condition, which was in this
work the proportion of living twigs within the living
crown,

The crowns of trees normally vary markedly with-
in species, with tree height, with position in the stand
relative to other trees and with a host of environ-
mental and historical factors. In eclosed-canopy
stands death of the lower branches of tall pitch pines
produces a relatively short, high crown, while in
oaks, especially white oaks, branches low on the
bole remain alive, even on very old trees. In 1961
before irradiation the crowns of pitech pines in this
forest over 3 m tall extended along an average of
449 of the stem. The averages for scarlet, black
and white oak were 62, 69 and 78%.

The short erowns of nonirradiated pines and scarlet
oaks were also more dense, with fewer dead twigs
within them than those of black and white oaks. Black
and white oak each had an average of about 62%
livirig twigs in their erowns in 1961; scarlet oak had
68% and pine, 759%,.

Crown condition in normal trees is also related to
the size of individuals. Dominant pines and searlet
oaks had a greater proportion of living twigs than
smaller individuals. Pines 10 m and taller, for ex-
ample, had 86% living twigs on the average, while
those under 5 m had only 719,. White and black oak
showed no such clear distinction with size, but fewer
trees of these two species were dominants.

Crown conditions of all species declined with in-
creasing radiation exposures. In no instance did
irradiation at any level improve tree vigor. An ex-
ample of the pattern of the decline appears in Fig. 9,

ErreEcTs oF CHRONIC GAMMA RADIATION OoN OAK-PINE
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F1e. 9. Survival of buds of scarlet oak in 1962, 1963.
Dotted lines are the survival curves when a correction
for shielding has been entered (see text).
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where the probit of bud survival of scarlet oak was
plotted against the logarithm of the daily radiation
exposure. The sharp break in the curve for 1963
was characteristic of the oaks after 2 yr irradiation
and reflects different rates of bud mortality in dif-
ferent ranges of exposure rates.

Shielding by the stems of trees introduces system-
atic variation into survival curves such as these.
This variation can be removed in part by the fol-
lowing correction.

Within any species the pattern of survival of buds
in space is closely correlated with the pattern of
radiation exposure, if the lethal exposure is the same
for all buds. This assumption seems justified inas-
much as there was less than 5% variation in the daily
exposure to prevent buds at tips of the white oak
twigs from opening during the first year of the ex-
periment. Thus the proportion of buds surviving
at any distance [distance is equivalent to an average
exposure (Woodwell 1963a)], is a measure of the
frequency of sublethal exposures at this distance.
If 1.3% of the buds survived, it was because ap-
proximately 1.39% of the exposures were at sublethal
levels. In 1963, 1.3% of scarlet oak buds survived
at an average exposure of 63 R/day. But 1.39% of
the exposures at this distance were actually 54 R/day
or less. Presumably buds receiving exposures greater
than 54 R/day died. Therefore, the lethal exposure
for scarlet oak buds exposed to chronie irradiation
for 18 months was closer to 54 R/day than to 63
R/day. Similarly, 629% of scarlet oak buds survived
in 1963 at an average exposure of 18 R/day. How-
ever, 629, of the exposures at this distance were
actually 22.5 R/day or less. The lethal exposure for
chronic irradiation for 18 months was probably closer
to 22.5 R/day than to 18 R/day. With this analysis,
based on the frequency of bud survival and measured
frequencies of various exposures, it is possible to
correct the bud survival curves as shown to curves
approximating those which would oceur if there
were no shielding.

Slopes of the bud survival curves ranged between
1.17 for P. rigida in 1962 to 2.60 for Q. ilicifolia in
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1963, but otherwise lay between 1.4 and 1.8. This
shows that at the higher exposures the increase in bud
mortality (in probit units) per unit increase in the
total exposure (as the common logarithm) was ap-
proximately equal among all species. A similar rela-
tionship appears to hold among the much lower
slopes of the curves characteristic of low exposure
rates. The occurrence of these two sharply different
survival rates at different exposure rates suggest that
there are at least two mechanisms by which radiation
damage occurs in plants but how these work is not
known.

Relationship between mortality and size of trees.
The mechanisms by which mortality from ionizing
radiation oceurs in plants are far less well known
than for mammals. One of the most attractive hy-
potheses is that irradfation simply kills the meriste-
matic tissue, especially the buds in perennials, re-
ducing the plant’s capacity for growth. This hy-
pothesis is based on the widely accepted observation
that irradiation has its most important effects on the
chromosomes. Indeed, it is now widely accepted that
radiosensitivity is correlated at least in plants with
the average volume of the chromosomes (Sparrow
1962). Since chromosomes in actively growing tissue
tend to be large, these cells are assumed to be the most
vulnerable, and centers of active growth, such as the
buds, are the most sensitive tissues.

If this hypothesis is correct, size of a plant in
terms of numbers of buds should be an important
factor influencing survival, the more buds the greater
the chance that a plant will survive. Large trees
would seem to have a decided advantage over small
trees, and indeed, a previous study of a small popu-
lation of Pinus rigida trees along the perimeter of
a gamma irradiated garden at Brookhaven National
Laboratory suggests that such may be the case
(Sparrow et al. 1965). If so, the probability of tree
survival should be simply p®, where p is the proba-
bility of bud survival and n is the number of buds.
The objective of the study reported here was to test
this hypothesis among the tree populations of the
irradiated forest. '

Dosimetry proved a major consideration in this
study. The lateral variation tended to be random;
vertical variation was systematic with a regular in-
crease in average exposure with height to the point
where there was an unobstructed line of sight to the
source. This meant that the average exposure at 1.0
m above the ground was a fair estimate of the mean
exposure for the above ground portions of the tree,
but that certain portions of a large tree, such as the
crown, received higher exposures, while other por-
tions, such as buds along the stem on the shielded
side, received lower exposures. The variability meant
that species which commonly sprout from the root
crown or the base of the stem had a relatively high
probability of producing sprouts from buds shielded
by the thick base of the tree.

The effect of this type of shielding was particularly

Ecological Monographs
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F1c. 10. Survival of large and small Q. alba trees ex-

posed for 32 months to chronic irradiation (1964).

Basal sprouting was included as a criterion of survival.

conspicuous in the oaks. Survival curves for white
oak trees of different sizes, based on the presence
of one or more green leaves in any position on the tree
including basal sprouts, appear as in Fig. 10. There
is little question that larger trees survived greater
average exposures than smaller trees. The LDy (in
1964) for trees with a dbh of 4.9 em or less, taken
from this graph, was 26 R/day. For trees 10 cm or
more in diameter it was greater by a factor of 1.7
or 45 R/day. No small trees survived exposures
above 80 R/day, while larger trees survived to 160
R/day. The curves, moreover, diverge, showing that
at high exposures the size effect was intensified.

If similar survival curves are constructed eliminat-
ing basal sprouting as a ecriterion of survival, the
larger trees still appear to be more resistant but the
LDs¢s occur at substantially lower average exposures
(Fig. 11). Here the LDj, for crowns of trees 4.9 ecm
or less in diameter was 17 R/day; that for trees 10
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" Fic. 11. Survival of large and small Q. alba and Pinus
rigida trees exposed for 32 months to chronie irradiation.
Criteria of survival based entirely on erown condition,
omitting basal sprouting.
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cm dbh and more, 25 R/day. The new curves, free
from any effects of sprouting at the base on the
survival of trees, converge at the highest exposures,
showing that the size effect in crowns is reduced at
inereasing exposures.

A similar pattern occurred in scarlet oak, although
basal sprouting is much less common in this species
than in white oak.

In Pinus rigida persistent sprouting from the base
of the tree is unusual. Most, perhaps all, trees arise
from seeds, not from sprouts. This meant that the
pattern of apparently greater resistance to irradia-
tion due to basal sprouting as seen in the oaks did not
occur. The survival curves for tree crowns, shown here,
are survival curves for the entire tree as well. But
the pattern of size-effects was reversed! In pine trees
4.9 cm dbh and smaller had an LDj, of 7.7 R/day.
Trees 15 em dbh and larger had an LDj, of 5.7 R/day,
about 26 less than that for the smaller trees. The
curves, moreover, are parallel, showing that there
is no change in apparent relative sensitivity of large
and small trees with change in daily exposure.

Thus, in oaks and pines survival of crowns of large
and small trees was reversed: in oaks large trees
appeared to be more resistant; in pine small trees
were more resistant. In oaks the difference due to
size declined toward higher exposures; in pine there
was no such effect.

Some insight is gained into this apparent paradox
by consideration of bud survival apart from tree sur-
vival. This was done by measuring the survival of
buds on each tree as a fraction of the total number
of buds on the trees. These data can then be plotted
to determine an LDy, for buds. In all species the

| | | ]
SURVIVAL OF BUDS AFTER 32 MONTHS
IRRADIATION (1964)
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Fig. 12. LDy, for buds of trees of different sizes.
The differences appear to be a complex function of size
and the shape of the tree crown in relation to variation
in the radiation field; not due to intrinsic varlablhty
in the sensitivity of buds
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LDs, for buds declined with increase in tree size
as shown in Fig. 12. Thus, in larger trees of all
species a smaller fraction of the buds present sur-
vived, raising the question of whether buds of large
and small trees vary in radiosensitivity. Evidence
available from an extensive series of studies of bud
sensitivity in this forest early in the experiment sug-
gests that terminal buds from various parts of the
crowns of trees of all sizes vary little in sensitivity.
In this study in 1962 all buds of white oak receiving
41 R/day or less survived; those receiving 43 R/day
or more died, and the variability spanned about 2
R/day. There appears to be no basis for assuming
that buds of large and small trees have different
radiosensitivities.

It seems more probable to assume that the patterns
observed are a complex function of tree size and its
effect on shielding. Support is gained for this con-
clusion from a detailed study of the variability of the
radiation field and from consideration of the form
and regenerative capacity of the trees. The radia-
tion field varies due to shielding from the stems of
trees (Fig. 2). It is clear that there may be a factor
of 3 variability in exposure at 1 m above the ground.
At greater heights in the forest, the lower end of this
span becomes abbreviated, since the trees contain less
total mass near their tops and shielding is reduced.
Thus, the ecrown receives a higher average exposure
than the average at 1.0 m above ground. From de-
tailed measurements of dose in the forest it is pos-
sible to calculate that at 80 m from the source where
the 1 m mean exposure is 6.1 R/day the mean ex-
posure for 10 m is 1.42 times greater or 8.6 R/day.
Thus, any tree 80 m from the source whose living
crown was entirely above 10 m in height would be
receiving 6.1 R/day at 1 m above ground but 8.6
R/day in the crown. Any estimate of the LDj, of a
population of such trees would be low if based on the
1.0 m exposures.

This specific example appears to apply to the
larger pines and not to the oaks because of differ-
ences in the structure of their crowns. Large pines
tend to have short living crowns in the top of the
tree with little or no sprouting from the stem below
the living crown. The oaks, especially white oak,
tend to have sprouts all along the stem. Thus, in
the oaks the living crown usually extends to within
1.0 m above ground and the 1.0 m mean exposure
is a fair estimate of the exposure of the tree.
In the larger pines the 1.0 m exposure is an un-
derestimate of the exposure of the crown. This
means that for pines whose crowns occur principally
above 10.0 m the LDgos must be corrected for the
vertical variation in dose. No such correction is
necessary in the oaks.

Entering this correction for tree form and for the
measured variability in radiation field reverses the
survival patterns for pine trees of different sizes,
showing that the larger trees of pine do survive mean
exposures equal to or greater than the exposures
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survived by smaller trees and that the observations
are, in fact, consistent among both oaks and pines.

Thus, it seems that bud survival is an excellent
criterion of vitality in trees and the hypothesis that
mortality of buds is a primary effect of irradiation
appears here to be supported. In general, trees with
large populations of buds have a higher probability
of survival, not only because of the larger numbers
of buds, but also because tree size itself contributes
shielding for buds, increasing the probability that
any bud will survive. The simple theoretical rela-
tionship that the probability of death of a tree is
expressed by p®, where p = the probability that a
bud will die and n = the number of buds on a tree
is not borne out in detail simply because the proba-
bility of bud survival varies not only with the average
dose but also with size of the tree.

DISCUSSION

RapiatioN EFFECTS ON STRUCTURE OF THE FOREST

The effects of 3 yr irradiation of the oak-pine
forest have in general been closely related to the re-
duction in diversity of species at increasing radia-
tion exposures. Invasion was restricted to a few
individuals of a very limited number of species of
radiation resistant and rapidly reproducing herbs
(Wagner 1965). Densities of invading populations
have been so low that adventives were not repre-
sented in most of the samples used for diversity
measurements. Thus, reduction in diversity (Fig. 5)
has been progressive and cumulative over the 3 yr
period, reflecting accurately the advance of the
perimeter of radiation damage. There is every reason
to expeet that the rate of invasion by herbaceous
plants will increase within the next two to three
years, changing diversity relationships along the
gradient markedly as the more radiation resistant
herbaceous plants of early successional communities
accumulate. Wagner (1965) has shown that there
is an abundant rain of seeds of many sucecessional
species in the central area of the forest and that
populations of herbaceous species are in faet aec-
cumulating. Invasion has been slow, however, and
it is true that through the first three years of chronic
irradiation the principal effects on the vegetation
have been reduction in the diversity of species and
that this reduction has been to all practical pur-
poses unaffected by succession.

It seems especially significant that the reduction
in diversity is correlated with the gross morphology
of plants. There is a cline of life forms from mosses,
lichens, algae and decay organisms at the highest ex-
posures to the sedge zone, a zone of low shrubs and
finally, the high shrub and tree zones at the lowest
exposures. Observations from numerous other studies
of radiation effects (Platt 1965; McCormick & Platt
1963 ; Woodwell & Oosting 1965; Sparrow & Wood-
well 1965; Sparrow & Sparrow 1965; Woodwell &
Gannutz 1965; and others) have shown beyond ques-
tion that in general, among plants the lower forms
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are more radioresistant, herbs somewhat more sensi-
tive, and woody plants most sensitive of all. The
pattern of survival in the irradiated forest is no
coincidence, therefore, but appears to reflect a gen-
eral pattern of radiosensitivity within the plant
kingdom. This pattern in itself would seem to be
incidental and probably of little consequence execept
that similar patterns of life forms occur commonly
in nature.

Perhaps the most conspicuous parallel with the
cline of radiation effects is the gradation of life
forms from tundra to forest. Here, in the north at
least, even many of the genera are the same, with
lichens, especially Cladonia, in the high Aretic and
on the most exposed mountain peaks; in sheltered
spots Carex and numerous low-growing shrubs oc-
cur, followed at slightly lower latitudes or less severe
exposures by ericaceous shrubs including especially
species of Vaccinium, and then, trees. The parallel
is striking and is repeated with less fidelity of genera
along such other common environmental gradients
as oceur in boreal bogs (Gates 1942) and on marine
sand strands (Boyce 1954).

These parallels are striking and important in
that they emphasize that the gross patterns of radia-
tion effects on vegetation are by no means unique but
have abundant precedent in nature despite the fact
that radiation levels have been so low as to have
had little or no influence on the selective processes
of evolution, at least in the period in which the
higher plants have evolved. This means that the evo-
lution of radiosensitivity in all of its various rami-
fieations has been controlled not by radiation but by
other factors, or combination of factors, that have
had the same selective influence that ionizing radia-
tion might have had. The result is a very wide range
of radiosensitivities among species of plants (Spar-
row & Woodwell 1963), and a clear correlation be-
tween radiosensitivity and the distribution of plants
along environmental gradients in nature. The gen-
erality appears true that radioresistant plants tend
to be resistant to environmental extremes other than
radiation, although the specific relationships between
radioresistance and ecological amplitude in terms of
drought tolerance, tolerance of heat and other factors
and combinations of factors remain to be established.

One of the most important factors influencing radio-
sensitivity appears to be chromosome size and num-
ber (Sparrow 1962) and the inference seems justified
that the evolution of radiosensitivity must be closely
related to the factors influencing the evolution of the
size and number of chromosomes. A logical extension
of this inference is that the size and number of
chromosomes influences susceptibility to environ-
mentally induced mutations, using “mutation” here
in its broadest sense, and that the evolution of
mutability is what has in fact determined the patterns
observed. While there are many other factors in-
cluding both environmental factors and factors in-
trinsic to plants that influence radiosensitivity, this
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TABLE 3. Daily and cumulative exposures to reduce average crown condition to 509% of nonirradiated trees.

1962 1963 1964 1965
Species R/day Total R/day | Total | R/day | Total | R/day | Total
Quercusalba.......................... 39 7410 12.0 6600 10.0 9150 7.8 9984
Quercus coccinea. ...................... 42 7980 16.0 8800 12.5 11438 6.2 7936
Pinusrigida.......................... 37 7030 (July) 6.1 3355 4.75 | 4346 3.9 4992
11.2 2131 (Oct.)

general hypothesis offers the most logical and gen-
erally satisfactory explanation of the striking rela-
tionship between the distribution of radiosensitivity
among species of plants and their ecology.

D1VERSITY AND ABUNDANCE

The experiment provided an unusual opportunity
to study the effects of disturbance on the diversity
and abundance of plants in a forest. During 4 yr
irradiation there was no substantial shift in the
species list reported for the entire area of the
forest prior to irradiation (Rebuck 1964). Adven-
tives after irradiation was started probably included
Erigeron canadensis, Erechtites hieracifolia, Eu-
phorbia Ipecacuanhae, Carex umbellata, Bulbostylis
capillaris and Juncus tenuis. Certain of these, such
as Juncus tenuis and Bulbostylis capillaris were re-
stricted to the road, where disturbance was severe
during installation of the source, and their presence
is probably not attributable to irradiation. The other
“adventives” are usually extremely rare within the
forest but do occur in areas where the vegetation and
soil have been disturbed. It is of course possible that
some were in the area in 1962 and overlooked. In any
case, despite the drastic changes in the forest by ir-
radiation, there has been no large influx of succes-
sional species and those populations that have become
established have been very small. Succession has
been slow and it is clear that the major effect of ir-
radiation has been a reduction of diversity at high
exposures.

This reduction in diversity of plants was progres-
sive and cumulative over the 3 yr period. The rate of
change declined with time and, hence, with increase
in cumulative exposure. Between 1962 and 1963 there
was a drop of 65 R/day in the exposure to reduce
diversity to 50% of normal but in the following year
the decline was only 5 R/day, or about %43 that of the
previous year (Table 3), suggesting that in terms of
diversity alone an equilibrium was being established
rapidly by the third year of the experiment.

No completely satisfactory explanation of the
increase in diversity observed in 1963-1964 at 10
R/day is possible (Fig. 5). While the peak may
represent the normal variability encountered in a
forest, it occurred in a zone in which the ground
cover was more than usually luxurious and where
the tree canopy has been substantially reduced (F'ig.
3). The luxuriance of the ground cover was a conse-
quence of the reduction in the canopy (Reiners

1964) and it seems reasonable to assume that the
rise in diversity measured in 1963 and again in 1964
was also due to this opening of the canopy. If true,
the effects of irradiation do not appear to be simply
a reduction in diversity, but, at relatively low ex-
posures where disturbance has been less, an increase
in diversity as well. It seems quite possible that once
a succession has been re-established involving her-
baceous species that are adventives to the forest,
diversity will increase.

The various indices of abundance and growth of
woody species declined in close parallel with the
decline in diversity along the radiation gradient.
This relationship was in sharp contrast to the behavior
of herbaceous species of old fields, where removal
of one species by irradiation opened a niche for more
radiation resistant species whose populations ex-
panded rapidly (Woodwell & Oosting 1965). Woody
species doubtless show similar responses but their
generation time is great enough that the trend to-
ward replacement was not measurable in as short a
time as 3.5 yr. An analogous situation occurred in
the Southern Appalachian Mountains during the lat-
ter part of the first half of this eentury when the
chestnut blight (Ewndothia parasitica) selectively re-
moved the chestnut from extensive oak-chestnut
stands. In that instance the oak populations appear
simply to have expanded to use the resources released
by the chestnut (Keever 1953). Selective mortality
of pine in the oak-pine forest would probably result
in a similar replacement by oak, no matter the cause
of death of the pine. The replacement would be slow,
especially in comparison with the replacement ob-
served in the old field, where there appear to be sev-
eral species with broadly overlapping niches capable
of replacing one another within one growing season.
Responses of the forest to this type of disturbance
thus appear sluggish and the reduction of diversity
remains for several years the best single index of
disturbance.

The nature of the relationship between the degree
of disturbance and species surviving in this forest is
shown even more clearly by consideration of coeffi-
cient of community (Jaccard 1912, 1932). Coefficient
of community is the number of species shared by two
communities expressed as a percentage of the total
number of species in both communities and is thus
an index of the similarity in species composition.
It has been used previously in connection with ioniz-
ing radiation by Woodwell & Oosting (1965) to ex-
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amine community relationships along a gradient of
radiation in old field ecommunities. Coefficients of
community, computed between the communities at
various radiation exposures and the community at
the lowest exposure for whach data were available in
the forest each year, appear in Fig. 13. There was
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an approximately linear decline in the curve of coeffi-
cients of community when this curve was plotted on
semi-logarithmie paper, a relationship similar to that
for diversity (Fig. 5). The curve of coefficients of
community, moreover, spans approximately the same
radiation exposures that the diversity curve spans,
showing that the communities persisting at the
higher radiation exposures contain the same species
as occur at lower exposures except that there are
fewer species surviving the high exposures. This
relationship is in contrast to the old fields where the
communities surviving high exposures were sub-
stantially different in species from those at lower
exposures, a relationship which shifted the coeffi-
cients of community eurve to much lower exposures
than the diversity eurve. Thus there is a sharp dif-
ference between the response of forest and the field,
again based principally on the capacity of the her-
baceous plants to replace one another rapidly.

The observation that diversity, abundance and,
now, coefficient of community, all decline linearly
with a logarithmic increase in exposure rate shows
that change in these community parameters is pro-
portional to the increase in radiation exposure rate

. AR
as a fraction of the initial rate (R—) rather than

to absolute values of radiation alone (R). A similar
relationship has been observed along radiation gra-
dients in old fields (Woodwell & Oosting 1965) and
along other environmental gradients as well (Whit-
taker & Fairbanks 1958).

RADIOSENSITIVITY AND CHROMOSOME VOLUME

Prior to establishment of this experiment an at-
tempt was made to predict the effects on the vegeta-
tion of the first years’ irradiation (Sparrow & Wood-
well 1962). The prediction was based on correla-
tions between nuclear size, chromosome number and
radiosensitivity as established by Sparrow & Miksche

Ecological Monographs
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(1962). The prediction was in general correct, al-
though most plants in the forest were more sensitive
than anticipated (Woodwell & Sparrow 1963). Cer-
tain differences predicted did not become apparent
the first year. ‘Scarlet oak for instance was expected
to be substantially more resistant than white oak,
since there is a factor of nearly 2 between them in
nuclear volume. Mortality of these two species in
the first 'year of the experiment was identical (Fig.
6) and the observations of mortality fell precisely
intermediate between the two predictions (Woodwell
& Sparrow 1963). Subsequently, however, the dif-
ferences in radiosensitivity predicted did in faet ap-
pear (Figs. 7, 8), showing the prediction of greater
resistance for scarlet oak to have been correct, al-
though the difference did not span a factor of 2.
In 1964-1965, however, secondary effects appear to
have increased mortality of scarlet oak appreciably
(see below).

The predictions for the ericaceous shrubs were less
accurate. On the basis of nuclear volume alone for
instance, Gaylussacia baccata was expected to be the
most resistant of the shrubs. It was in faet the most
sensitive (Figs. 4, 5). The reasons for its relative
sensitivity appear to be several, among them greater
intrinsie sensitivity at the cellular level, and a com-
paratively low capacity to regenerate from sprouts
after damage to the shoots. Interestingly enough,
the effects of irradiation on the shrub synusia and
ground cover parallel quite closely the effects of
burning. High frequency of fires depresses popula-
tions of Gaylussacia most severely, the Vaceinium
least, and usually results in an increase in the cover
of Carex. It is also interesting, although perhaps
coincidental, that the pattern of radioresistance and
resistance to fire in this shrub and sedge community
follows the gross pattern of life forms established
in the forest as a whole: the largest form, the
Gaylussacia, is most sensitive, the smallest, the
sedge, most resistant. This observation would seem
to add support to the general hypothesis that gross
morphology plays a far more important role in de-
termining radiosensitivity than has been recognized
heretofore (Brayton & Woodwell 1965).

RevaTiONSHIP BETWEEN CHRONIC, CUMULATIVE,

Acute AND FArLouT EXPOSURES

The experiments reported here have been based
on chronic exposures averaging 20 hr daily and
dosimetry has been expressed in R/day. This treat-
ment of dosimetry has become conventional for
studies of chronie irradiation principally because of
its convenience. It has the disadvantage of em-
phasizing the effects of exposure rate as opposed to
cumulative exposure, an emphasis which may be in
some respects misleading. We can examine, for ex-
ample, the daily and cumulative exposures to re-
duce average crown econdition to 509, a sensitive
measure of radiation damage (Table 3). While there
was a progressive decline from year to year in the
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exposure rates to reduce crown condition to 509,
the cumulative exposures were far less consistent.
Indeed, the cumulative exposure for white oak and
pine declined appreciably between 1962 and 1963,
while that for scarlet oak increased. In the follow-
ing years there was a general inerease for all species
in the cumulative exposures to reduce crown condi-
tion to 50%. This was broken in 1965 for secarlet
oak, which was subject to sudden mortality late in
the season in 1964 (after the inventory) and again in
1965. The effect of this unusual mortality, the spe-
cific cause of which is yet unexplained, was to re-
duce the exposure at 509 ecrown condition to 6.2
R/day and the total exposure to 7936 R, slightly less
than the 1962 total. Thus, for searlet oak, due to a
unique pattern of mortality that is doubtless related
to secondary effects of irradiation, total exposure to
reduce the crown by 509, approached a constant
value over four years of about 7900 R. In the other
species after the 1962 decline in total exposure, there
was an annual increase through 1965, the annual
increase approximating 259, of the 1963 total.
These data show eclearly that under certain ecir-
cumstances cumulative exposures required to produce
any standard degree of effects may decrease, increase
or even remain constant over periods of a year or
two and there is good reason to examine in detail
the significance of these changes. First, the only
possibilities for real relationships between cumulative
exposures and effects are limited to (a) the possi-
bility that radiation exposure increases with time or
(b) remains constant. In experiments where cumula-
tive exposures decline with time as indicated above
for 1962-1963 and as reported previously by Spar-
row et al. (1964) for LD,y of Pinus rigida, the cri-
terion of damage must lag by months, possibly many
months, the accumulation of the damaging exposure.
Thus the cumulative exposure measured at the
time the damage appears exceeds the exposure
causing the damage by a substantial amount.
With increasing time damage progresses, “catches
up” with the cumulative exposure. No general
rule defining the lag-time seems possible since
it appears to depend in large degree on the eriterion
of damage. Certainly for 509% bud survival in the
trees of this study, lag-time was about 1 yr. For the
LD;¢o used by Sparrow et al. for Pinus rigida around
the Gamma Irradiated Forest at Brookhaven it ex-
ceeded 3 yr. The increase in lag-time when mortality
of an entire tree is the criterion is understandable
when one realizes that mortality of a tree, especially
in a radiation field subject to shielding by tree stems
is a far more complex and time consuming process
than mortality of 509 of the buds. Thus it seems
that those situations where cumulative exposures de-
crease with time are really instances where cumulative
exposure is not a good criterion of the damaging ex-
posure and in experiments using chronic irradiation
and perennial plants this condition may obtain for
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as much as 3 yr, depending on the criterion of dam-
age. .

The question devolves to whether cumulative ex-
posures to produce any standard effects are in fact
constant over a range of chronic exposures of few
to hundreds of R/day, or increase through this range.
For this consideration the data above on white oak
and pine and the earlier data from the Gamma Radia-
tion Field (Sparrow et al., 1964) seem especially
significant. The pattern of survival of the scarlet oak
above appears unusual; certainly the patterns of
mortality have been erratic, suggesting secondary
causes. Elimination of scarlet oak makes it appear
that cumulative exposures to produce a standard
effect (50% crown survival or LDj, of pine) in
perennials do increase slowly with time when ir-
radiation is chronic. Thus there seems to be good
reason to use daily exposure (or exposure rate)
and not total exposure as the primary eriterion of
radiation exposure, especially in experiments with
chronic radiation and perennial plants.

There is persistent temptation to extrapolate data
such as those from the Irradiated Forest to the types
of radiation exposures that a bomb or a reactor ex-
plosion might produce. Such extrapolations are
difficult and speculative for several reasons. First, the
quality of the radiation is different. A nuclear ex-
plosion would produce a very short pulse of neu-
trons and the fallout would include as prineipal
radiation hazards to life both beta and gamma emit-
ters. The relative importance of these in bomb fall-
out have been discussed in various papers (see
Woodwell 1965b). The best extrapolation of the
Irradiated Forest data appears to be based on the
1962 data using one-half the total exposure ac-
cumulated in the first six months of the experiment
(Woodwell & Sparrow 1965). This, of course, neg-
lects the influence of the pulse of neutrons (im-
portant only near the explosion) and the beta com-
ponent of the fallout. It also accounts only crudely
for the difference in exposure rates, which would be
initially high in the fallout field, declining exponen-
tially with time. The effect of this shift in exposure
pattern is not known. These considerations have
been discussed in detail elsewhere and inferences
drawn as to effects (Woodwell 1965b). Despite the
precautions necessary in making quantitative ap-
praisals of the effects of fallout fields, the observa-
tions are directly pertinent to qualitative assess-
ments of potential effects of radioactive fallout
from any source on natural communities. There
can be little question that exposures of a few
thousand Roentgens would produce damage equivalent
to that of the most severely damaged areas of the
Irradiated Forest. Such effects with their implications
for man are clearly frightening and worth great
cost to avoid.

SUMMARY

1. An oak-pine forest in central Long Island,
New York, has been irradiated chronically with
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gamma radiation from 9500 Ci of Cesium!3? during
4 yr.

2. Effects on the structure of the community were
expressed best by change in diversity (number of
species per unit land area). There was a 509, reduc-
tion in diversity at 160 R/day during the first 6
months’ exposure. Diversity declined regularly in
subsequent years despite the influx of several her-
baceous successional species in the damaged zones
close to the source.

3. The reduction in diversity was systematic in
that plants with large life-forms were most sensitive.
This resulted in zonation of the vegetation around
the source, five zones being conspicuous although not
always clearly delineated. These were a Devastated
Zone close to the source where all indigenous higher
plants were killed ; a Carex Zone where Carex pensyl-
vanica was the principal survivor; a Shrub Zone
where both Carex and the ericaceous shrubs survived;
and Oak-Forest Zone where the pines had been
killed; and an Oak-Pine Zone where the forest was
intact. These zones persisted throughout the experi-
ment.

4. Survival of trees varied with tree size, an in-
crease in size contributing generally to increased
resistance because of the greater number of buds and
because of the increased probability that certain
buds would be shielded. In these studies the sur-
vival of buds as opposed to survival of trees proved
a particularly useful criterion of radiation damage.

5. It seemed particularly significant that radiation
resistance was correlated with life forms of the
plants, the most resistant being low growing species.
The pattern of change down the radiation gradient
paralleled that along other environmental gradients,
especially the tundra to forest ecotone.

6. Radiosensitivity of plant populations in nature
is also broadly correlated with the average size of
the chromosomes at interphase as suggested by pre-
vious work.

7. The relationships between radiosensitivity and
chromosome size and between radiosensitivity and
the ecology of plants suggest that the evolution of
radioresistance in plants has paralleled the evolution
of other aspects of ecological amplitude. Indeed,
since radiation has probably not been a selective fac-
tor affecting the evolution of the higher plants, it
seems necessary to postulate that other environ-
mental factors have had effects that would parallel
the evolutionary effects of radiation. These would
seem to affect the evolution of susceptibility to mu-
tation.

8. The results of this study can be used to infer
the effects of fallout radiation on other natural
communities.
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