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ABSTRACT

Chronic gamma irradiation of an oak-pine forgst on Long Island
reduced'populations of‘corticoloﬁs and terrestrial lichens in approximate
prbporticn to the rate of irradiation. fhe declinelin species'divefsity
was-apprcmimately'linearly related to logafithmic 1qcreases‘in éaily radia-
‘tion exposure. While a daily exposure of 800 R/day vas estimated to have
reduced.diversi£y by 5o$.1n the first yeér, & linear extrapolation of |
diversity, coefficient of community and similafity curvesvto zZero suggested
thet certain lichen populationa would survive 3 years' exposure at daily
rates up to 15,000-20,000 R. There was an apparent threshold at 100- 200
R/day for radiastion effeéts on the camposition of lichen communities. The
~ crustose forms were more resistant than foliose or fruticose foms, an
dbservation vhich parallels previous observations tha; the most radiore-

sistant higher plants tend to be of short stature.
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. THE RELATIVE resistance of microorganisms to ionizing radiation

" has led to the assumption that lichens are also highly resistadf, élﬁhough
few data have been available. Brodo (1964) measured growth and survival of
corticolous lichens along fhe radiation gradient in the Brookhaven Irradiated
Forest and showed that there was growth of individual thalii and en apparent
1ncfease in numbers of thglli at raéiation exposures which killed all higher

plants. Thalli of Physcia stellaris, Lecanora chlarotera and L. caesiorubella

survived exposures in‘excess of 1000 R/day during more than 1% years. These
observations, Plus consideration of patterns of growth and chromosome size
in fungi and algse, led Brodo to the conclusion that lichens in general are
indeed highly resiétant to radiation damage and are'prdbably among the moét

A radioresistant plants. He believed the changes he observed in sizes of
thalli and density of thalli to be related primarily to changes in the higher
plant vegetatibn and not to the direct effects of irradiation on the lichens.
He did not, however, do & systematic study of thé distribution of lichen
pbpulations along the radistion gradient to determine ihether divefsity,
density or cther aspects of community structuré had been affected. The
objective of the present study wés,an extension of Brodo's observations to

méasﬁre the changes in the lichen communities along the radiation gradient.

METHODS--The Irradiated Forest Experiment was established in 1961
and irradiation was commenced in November of that year (Woodwell, 1963).

The stand selected for the experiment was a relatiﬁely homogeneous oak-pine



forest characteristic of glacial outwash sands in central Long Island. The

principal trees were Quercus alba, ‘Pinus r gida, end Q. coccinea., - Shrud

cover was the Vaccinium-Gaylussacia syngsia described by Reiners (1965).

The survey reported in this study was ccmﬁleted in July, 196k, about 32
months after the start of the experiment. At this tiﬁe there vas a gradient
of damage to the higher plant vegetation fram mortality of all indigenous
species at exposures above about 300 R/day (at 15 m from the source) to
minor effects on growth_and reproduction at exposures below 1 R/day. 'The
gradient ﬁas apparent in the spring of 1962, although it spanned a very
narrow zone of 10-20 m depfh at that time., Continued exposure has merely'
expanded the area of damage, not altered the pattern of the gradient., The
gradient of damage to the higher plant vegetation follows closely the life
forms of the epecies; the species with smalleet stature are the moet reeist-
eant;'the largest the most sensitive (Woodwell, 1965). The lichen populations
sampled for this study occurred along this gradient of damage to the higher

plant vegetation.

Sampling procedure--Lichen populations were sampled on the plots

marked in the originel land survey of 1961 (qudvell, 1963). At S end T m
- from the source the uitimate sampling unit for lichens was one,rectangulaf
plet #4mx 8 m, arranged with the long dimensien.forming & chord of a circle
around the source. At 10m tﬁe ultimate sampling unit was.l x 4m, end at

25, 30 m, and in the community called "control," 2 x 2 m. A plot of numbers

*Higher plent nomenclature follows Fernald (1950).
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of species per.unit area showed that a sampie of four, 2 m ¥'2 m plots (16 m2)
cbntained more then 90% of the specles in seven such plots (28 ha) indicating
thet.four plots were the minimum sample to describe the flora (Fig. 1). In
practice the numbers of plots were limited by the area available. One such
minimal-éreazplot.was taken at 5 m fram the source, two at‘f m, four at 10 m
and three at 25 and 30 m and in the contrdl community;
| | Within plots a total inventbry of lichen populations was attempted,
including both lichens on the soil and corticolous forms up to 2 m. An
arbitrarj definition of "thallﬁé" was esteblished for messurement of density.
For this purpose a colony of small thalli of the same species, all members
of vhich were sepafated by less than 1 cm, ﬁaé counted as a singlé thallus.

Lichens were identified to species where possible. Identificationé
were checked by V. A. Ahmadjian,'I. Brodo, and G. W. Thompson. Responsibility
for accuracy of determinations remains with the authors. Voucher specimens
are in the Herbarium, Brookhaven National Laboratory. Ncﬁenclature follows
Hale and Culbefson '(1963).

Criteria for appraising'lichen vitality were necessarily arbitfary.
In géneral, lichens with normal form and color vere assumed to be alive.
Tha;li which veré apparently morfbund were examined ﬁicroscopically and the
| presence of the green algal symbiont was accepted as the criterion of
vitality. | |

Average exposures of sampled plots were 2250, 1250, 620, 100, 50
R/dey and sbout 4O mR/day 15 thé cammni ty adopted as control. These were

the exposures at the mid-point of each set of plots 1 m above the ground.
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’RESUDTSé-Of the 51 speéies identified in this study,‘33 occurred
in the control community end 11 in the community sempled at 2250 R/day.
Between these extremes there wes a gontinuous decline in sﬁecies diversity
and an overfall decline in the numbers of thalii per unit area (Teble 1).
The decline‘in species~diversity was approximately'iinear on & semi-logA
plot, &n exposure-of about 600 R/day reducing the number of species.to %
those in the.noﬁirra¢iated cammunity (Fig. 2). The most reéistgnt species

included same of the most abundant lichens of the forest: . Arthonia caesis,

Lecidea varians, Cladonia chlorophaea, Parmelia sulcata, Physcia millegrana,

and Cladonia cristatella. Densities declided irregularly fram sbout 17

thalli/m2 in the control commnity to about 2/m2 at 2250 R/day (Fig. 3).
Separation of lichenAspecies by growth form (Fig. 4) showed sub-
stantially greater numbers of crustose species surfiving high exposures tﬁan
eitﬁer fruticose or foliose forms. There were about 7.0 c;ustosé species
per 16 m2 in the contfpl cammunity end 10 at 2250 R/day. Numbers of foliose
and fruticose species deciined along the gradient of 1ncreas;ng exposure
ffdm about 9 species per sample in the control community to oné or less per
sample at exposures‘of 2250 R/day;' It is clear that the major decline in
diversity occurfed among the frﬁticose‘and foliose species. “Densities of
. foliose and fruticose species declined consistently along the fadiation
. gradient vhile densities of crustose species increased erratically at'inter-
mediate exposures (Fig. 3) and declined ebruptly at intermediate exposures

sbove 1000 R/day.
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DiSCUSSION--The gradienfs of diversity and density of lichen popula;
tions at ekposures above 50 R/day (Figs. 2 and 3) appear ﬁo be direct effects
of irradiaﬁion and not effects of. mortality of trees. Most tx;'eesﬁere killed '
throughouf this central zone during the first six ménﬁhs of the expezjiment
(Woodwell, 1962) and lichens were consequently exposed to similar changes in
microclimate by the.opening of the tree canopy thrqughoutlthis area. Differ-
ences in lichen diversity and density along the redietion gradient ?1thin
this zone. vere presumably fesponses to the fadiatio'n gradient , not to the
microclimatic effects of the death of trees. [

Suppoftﬂn‘the hyﬁothesis that radiation exposures were of primery
significance for the change in lichen communities comes also fran curves
of coefficient of community and percentége similarity. Coefficient of
éommunity 1s‘the number of species shared by two comhnnities as a percéntage
of thé totalbnumber of species in both communities (Jaccard,'1902, 1912),
Percentsage similarityv(Odum, 1950; Whi ttaker, 1952) weights each:speciés by
a measure of abundance to compare two communities in terms of relative |
similaiity in quantitative camposition. Both 1ndices.have been used pre-
viously'to examine species populations along envirommental gradieﬁts
(Whittaker and Fairbanks, 1958; Wﬁittaker, 1960; Woodwell andfOOSting, 1965;
Woodwell, 1965), These curves (Fig. L) décline approximately Iiﬁeerly with
logarithmic increase in daily radiat;cn exposure. However, béth curves shqw
platesus, with community similarity values of 55-65% at exposures below 50-
100 ﬁ/day. Theée values représént absénce of significant difference from

‘the control; camparison of replicate semples fram the control stand, no two



of which are_identical, gives similarity Qalues in this range. The breaks
in the eurfe_et around 50-100 R/day consequently represent a tnreshold:. at :
.radiation exposures below this range there is no effect on lichen communities
significant enough to be expfeesed in ccmmuniﬁy similarity'velues; at'expe-
sufesiabove this range the slopes of the curves expreSs increasing departure
of cammunity composition from that of the control with increasing intensity
of radietion.v '

Species diversity appears to be a perticularly useful criterion
of disturbance because of its linearity in relation to the 1ogerithm of
daily radiation exposure an& its close relationship to exposure in this and
other studies (Woodwell and Oosting, 1964; Woodwell, 1965). The radiation
exposure to reduce diversity to 50% of that in a control commnnity is

snalogous to the LD 0 of toxicology and can be a measure of the sensitivity

5
of a comunity to radiation damsge.

Diversity of lichens was reduced to 50% of that in the nonirref
diaten community by exposures of about 400 R/day (Fig. 2). We can compare
this to data froam other studies. In an old fielg, for instance, an exposure
of approximaf.ely 1000 R/day reduced diversity to 5d¢ and approximately 150
R/day had the seme effect on the higher plant cammuuty of a forest (Woodwvell,
1965) On this basis the lichen community would appear to be more sensitive
than anticipated.

This observation, hovever, may he samewhat misleading. The data
~on lichens vere teken during the third year of irradiastion; the data for

the vascular plants of thevforest and field vere taken during the first year



of expoaure. Thus the lichen communities accumuleted deamege over a 3-year
period and appesr to be more sensitive vhen sensitivity is measured as daily
over 2 years
exposure, than if irradiation had been for a shorter time. Observations of the
progression of radiation effects on higher,plants of the irradiated forest
(from year to year) show that the daily exposure to cause any specific effect
over the following 2 years

declined by 40-60% of the 1962 exposure (Woodwell and Rebuck, 1965). If
the decline were exactly one half, then the 50% reduction in diversity
occurred in the first year at an exposure of about 800 R/day. By this
criterion the lichen community was approximately as resistant to radiastion
as the old field. | '

thrapolation of the diversity line to exposures higher than the
maxima at which substrata for lichens are availsble in the irradiated forest
| (Fig. 2) suggests that the lichen community vas, in fact, more resistant
to ionizing radiation than either the forest or the herbs of the field. A
lipear extrapolation indicates that zero diversity would be approached at
~lS,OOO~20,000'R/day.' Extrapolation of coefficient of community and percent-
.age similarity graphs to zero also.indicates that exposures ih this range
would be regpired to produce ZeroAsimilarity. These are very high exposures‘
indeed and cen be compared with the 300 R/day to reduce diversity in the
.forest to zero and the more than 3,000 R/day required in the first year old
field (Woodwell, 1965). Despite the uncertainty of this extrapolation, it
aeams clear from the diversity data that although the 50% diversity exposure
is of the same general range as that for the herbaceous ccnmmnity, its slope’

is lov, indicating that certain lichen populations ere in fact substantially



more resistant tﬁan higher plant émﬂnunities.

The decline in fotal density at increasing rediation expﬁsures
suggestg that niches opened by mortalit& ofvéensitive species were not filled
ﬁy resistant species, af least within three years. The densit& data.of
Taﬂle l sdpport this conclusion in general. Densities of most species de-
clined linearly with logerithmic 1ncfeése‘in radiation exposure. 'This.
génerality applied throughout the rediation gradient for such species as

Parmelia sulcata but for mhny others such as Cladonia cristatella, applied

only sbove 50 R/day. The pattern was not universal however. Densities of

other species such as Lecidea Qarians and Pertussaria-xanthodeé increased

at intermediate exposures and declined at exposures above 1000'R/day (Table
l). Thus, in contrast to the old field (Woodwell and Oosting, 1965) we do
not see in the lichen community a rapidly shifting mosaic of species, shift-
1nglin response to subtle changes in enviromment. Instead, rgplacement of
radiosensitive.species by resistant species, if it occurs at all, is slow
and undramatic. |

NoAclear reason exists for the apparent radioresistahée of crustose
lichens as opposed to foliose and fruticose forms. It is intérésting that
in communities of vascular plents the species tbat have been. the most re-
gistant have usually been low-growing forms (Woodwell, 1965). It now.appeafs
that within the lichen populationa of the oak-pine forest & similar relation-
ehip exists, with the close-growing crustose lichens being mofe resistant
Athan:theiqright foliose and ffuﬁicose species., This contributes still another

. the ' :
parallel to‘several already shown bvetween the effects of radiation on lichen
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c‘cmm'miti'es‘ .and th.osev on vaﬁcﬁlar plant communities. -

it is cléar now thet, éontrary to‘pr,evious indicatiqns, irradiation
haé- had direct effects on liéhens,of the Irredisted Forest. Effects inciude
8 progreséive , linear glecliﬁe in diversity ﬁith ;I.ogar;lthmic increase in daily
radiatior.; 'exposure H an'apparent threshold at 100-200 R/day for effects on
composition of the communities ; aifferential mortality of crustose, foliose
and fruticose forms , the crustose appearing the most resistant; apd & pro-
gressive dechﬁe in ‘den'sity with logarithmic 1pcfease in radiétion exposure,
: although siriking increases 'occurred in densities of‘ certain species at
intermediate. exposures. Diversity appeérs to have béen reducéd by 50%
~ during the ﬁ.rsﬁ yeér of the experiment by exposures of about 800 R/day,
although the slope of the diversity curve would suggest that if suitable
: subst;ata were availsble certain species would survive to expostf es as
high as 15,000-20,000 R/day. This relationship indicates that there is
considerable variation emong lichen populations in sensitivity to radiation
and that it is probably incorrect to say that all lichens are radiation
resiétant » @lthough it is most certeinly true thvat éeﬂ:ain lichens are sub-

stantially more resistant than most higher plants.
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TABLE 1. Dersity of lichens in an irredigted forest

" Average mumber of thalli per 16 square peters

. Bxposure in R/day

Nonirradiasted

- Species control 5 100 620 1250 2250
Lepraria chlorina '3.33.
Cledonia cinetra 1.33
C. nemoxyna b.00
Ba€ omyces roseus 7T.33
Cladonia pyxidata 0.33 '
Lécanora B8p. 8 1:66
L. 8p. b 0.66
Parmeliopsis placorodia ; 2.33
Parmelie borreri 1.66
Physcia orbicularis 1.06 0.33
Parmelia surulenta 0.66
P. livida 3.00
P. subaurifers 13.33 6.00  3.00
P. physodes 2.33 2.66 k.66
Cladonia incrassata 3.33 0.33
g.-agmoea‘ 13.33 0.33 R
Parmelia caperate 1.33 3.66  1.33 . 0.75
P. rudecta 6.00 '2.66 0,33  1.25
Physeia aipolia 0.33  0.25
P. setosa ' . ) 9.00 0.25
P. stellaris 6.33 7.66 5.00 . 1.75
Cladonia sp.(primsry thallus) . 12,00 4,66  25.25
C. atlantica 1.00 3.00  3.33  0.75
C. delicata - . 0.33 0.25
C. coniocraea 9.00 10.33 . 9.66 2.50
C. pledmontensis 5.66 1.33 2.66 0.75
C. pityrea - 0.66 0.33 2.33 1.00
C. subcariosa - . 0,38 0425
C. subtemis 1.33 Une 0.6 025 .
lLecanora ep. ¢ o 1.00 0.50
L. caesiorubells 0.66 7.66 9.66 75 .50
Buellia curtisii 2.00 hod 0.33  8.50 k.50
Candeleris consolor 8.00 7.33.  bh60 425 1,00
Phyé~ecia millegrana 15.33 29.00 3.0 2,75 2.00
Parmelia sulcgte 31.33° 28.33 1,33 0 . 1,00 -
P. galbina 1.00
Cladonia bacillaris 0.50
C. macilenta 17.66 1.0 1.6D ° - 0.50
C. cristatella 13.33 366 13.33 8.50 1.50
C. clavulifera .66 1.0 . 0.50
Arthonia caesia . 66,00 .66 17.00 1425 13.00  3.00
Leprarie seruginoss 1.00 h,00 0._35 0.25 .0 3.00
Lecanora chlarotera 2.33 466 0.3 2,00 1.00  1.00
Lecidea enthrecophils. 1.00 . 21.60 : ) o 1.00
L. varians 23.66 bh,00 24,66 825  © 2,00
Buellia stillinglana .66 025 0 1.00
Bacidia chlorococea ) 0.75 0 2,00
Buellia polyspora 1.66 6.66  1.00 400 3.0
Pertusaris xanthodes 2.66 - 15.66  6.00 13.75 3.50  1.00
'P._trachythallina’ 0.33 - © L1000 150 100
" Cladonia chlorophses 16.00 31.66 19.33 7.5 5.00  8.00
. Bm  276.90 352,88 17i.22 187.50 41.00  26.00
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'Fig. 1. The species-area curve for lichens.

Fig. 2. Diversity of lichens along the radiation gradient. .

Fig. 3. .Diversity of lichens of different growth forms along the

radiation gradient.

Fig. 4. Coefficient of community and perecentage similarity for

lichen caoomunities along the radiation g:fﬁdient.
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