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Abstract: L ichens are the p r i m a r y w i n t e r forage for most main land car ibou and reindeer herds i n N o r t h A m e 
rica and for the majori ty of domestic and w i l d reindeer i n Siberia and n o r t h e r n Europe , col lect ively total ing 
i n excess of 5 m i l l i o n animals. Lichens represent a unique forage resource throughout m u c h of the c i rcumpo-
lar N o r t h that cannot effectively be replaced b y vascular plants. L ichens are part icular ly sensitive to the ef
fects of air p o l l u t i o n . T h e increased pace of exploi tat ion and processing of minerals and petro leum resources 
throughout the c i rcumpolar N o r t h , w i t h associated i n t r o d u c t i o n of p o l l u t i o n products in to the atmosphere 
has already resulted i n losses of lichens and their reduced p r o d u c t i v i t y i n extensive areas adjacent to large me
tallurgical complexes i n the T a i m y r of Siberia, o n the K o l a Peninsula , and i n adjacent parts of F i n l a n d . Losses 
of terricolous lichens i n the T a i m y r f r o m p o l l u t i o n generated b y the N o r i l s k metallurgical complex have been 
nearly complete w i t h i n a 300,000 ha area closest to the p o l l u t i o n source and damage and reduced g r o w t h ex
tends over an area i n excess of 600,000 ha. T h e A r c t i c also is a s ink for atmospheric p o l l u t i o n generated i n 
the heavi ly industr ia l ized n o r t h temperate regions of the w o r l d . Assessment of the effects o n lichens of this 
global scale increase i n air p o l l u t i o n is dif f icult because of the lack of representative controls . 
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Introduction 
Lichens are a pr imary winter food for over 5 
m i l l i o n caribou and reindeer (both Rangifer ta-
randus) that occupy the northern boreal forest 
of N o r t h Amer ica , the taiga of Eurasia, and 
their adjacent tundra areas (Andreev 1977, 
K l e i n 1982). Lichen-dominated plant c o m m u n i 
ties occupy vast regions of the northern por
tions of N o r t h A m e r i c a and Eurasia (Andreev 
1977, Kershaw 1977) (Figure 1). Lichens are a 
unique forage that, unl ike vascular plants, accu
mulate l iv ing plant tissue over several years that 

is available as winter forage (Kle in 1982). A l 
though lichens contain unique acidic com
pounds that act as chemical defenses against 
most herbivores (Rundel 1978), caribou and 
reindeer are wel l adapted to use many arboreal 
and terricolous l ichen species as forage. The p r i 
mary value of lichens for reindeer and caribou 
is in their high content of available energy 
w h i c h is the major dietary requirement of these 
northern ungulates i n winter . Thus the abun
dance and availability of lichens at high north
ern latitudes enables successful overwinter ing of 
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F i g . 1. 

large herds of migratory caribou and domestic 
reindeer. Suitable areas w i t h high l ichen biom¬
ass for winter grazing by reindeer or caribou 
occupy 30-40% of the land area of the north
ern regiaons of N o r t h A m e r i c a and Eurasia 
(Andreev 1977, Kershaw 1977). 

The uniqueness of lichens, in contrast to vas
cular forage plants, derives f r o m their structure, 
physiology, and ecology as a function of the 
symbiotic u n i o n of fungi and blue green algae. 
The structure of lichens is formed by the fungal 
component, w h i c h provides an interstitial envi
ronment favorable for blue green algae. W h e n 
sufficient moisture and light are available, the 

algae are able to photosynthesize and draw on 
nutrients f r o m the atmosphere, inc luding trace 
nutrients, that become sequestered i n the fungal 
tissues. The photosynthates that are produced 
are then available for growth of both the algal 
and fungal components as a symbiot ic "orga
n i s m . " Lichens have no roots and hence derive 
vir tual ly all of their requirements for growth 
f r o m the atmosphere; their porous structure 
also results i n their capture of particulate mate
rial fall ing f r o m the atmosphere ( H a w k s w o r t h 
1971). Because of this characteristic lichens also 
accumulate pollutants f r o m the atmosphere. 
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F i g . 1. M a j o r po int sources of atmospheric p o l l u t i o n i n and adjacent to the boreal and taiga forests (Bo
real and taiga forest zone s h o w n as crosshatching f r o m A h t i et al. 1968; p o l l u t i o n sources f r o m 
N o r w e g i a n Institute for A i r Research 1984 and Canada Depar tment Energy , M i n e s and Resour
ces 1988). 

N o r t h America 
1. O i l f ie ld complex , P r u d h o e Bay , A l a s k a 
2. Petrochemical industries* K e n a i , A l a s k a 
3. C o p p e r - z i n c smelt ing, F l i n F l o n , Saskatchewan 
4. N i c k e l smelting, T h o m p s o n , M a n i t o b a 
5. I ron sintering plant, W a w a , O n t a r i o 
6. N i c k e l - c o p p e r smelt ing, S u d b u r y , O n t a r i o 
7. Z inc -copper -cadmium smelt ing, T i m m i n s , O n t a r i o 
8. I ron sintering plant, K i r k l a n d Lake , O n t a r i o 
9. C o p p e r smelt ing, N o r a n d a , Quebec 

10. I ron- t i tanium agglomerate plant , P o r t Cart ier , Quebec 
11. C o p p e r smelt ing, M u r d o c k v i l l e , Quebec 
12. Lead-silver-copper smelt ing, Belledune, N e w B r u n s w i c k 
13. I ron sintering plant, Labrador C i t y , Labrador 

Eurasia 
1. I ron smelt ing, Sydvaranger, N o r w a y 
2. C o p p e r - n i c k e l smelt ing, N i k e l - Z a p o l y a r n i , K o l a Peninsula, U . S . S . R . 
3. C o p p e r - n i c k e l smelt ing, M o n c h e g o r s k , K o l a Peninsula, U . S . S . R . 
4. I ron smelt ing, K o s t o m u k s h a , U . S . S . R . 
5. Coal - f i red pulp and paper p r o d u c t i o n , Svetogorsk, K o l a Peninsula , U . S . S . R . 
6. I ron smelt ing and steel p r o d u c t i o n , Cherepovets , U . S . S . R . 
7. Coal - f i red power and paper p r o d u c t i o n , Arkange lsk , U . S . S . R . 
8. Coal - f i red p o w e r and paper p r o d u c t i o n , Ikhta , U . S . S . R . 
9. Coal - f i red p o w e r and paper p r o d u c t i o n , V o r k u t a , U . S . S . R . 

10. C o p p e r - n i c k e l smelting, Sverdlovsk, U . S . S . R . 
11. Steel p r o d u c t i o n , N i s h n i y T a g i l , U . S . S . R . 
12. Steel p r o d u c t i o n , Serov, U . S . S . R . 
13. Oil-gas f ield complex , Samotlor , U . S . S . R . 
14. W o o d products and paper p r o d u c t i o n , Igarka, U . S . S . R . 
15. N i c k e l - c o p p e r smelting, N o r i l s k , U . S . S . R . 
16. Coal - f i red p o w e r and paper p r o d u c t i o n , Y a k u t s k , U . S . S . R . 

Response of lichens to air pollution 
Erasmus D a r w i n , the grandfather of Charles 
D a r w i n , observed in the 19th century i n Eng
land that lichens were sensitive to air po l lu t ion , 
and deterioration of the l ichen f lora around 
L o n d o n during the industrial revolut ion was 
noted by several Engl ish botanists (Hawks-
w o r t h and M c M a n u s 1989). S imi lar ly , the l i 
chen flora of southern Sweden, w h i c h suffers 
f r o m acid precipitation f r o m heavy industrial 
activity i n northern Europe, declined markedly 
i n species diversity and biomass over several de
cades ( A r u p et al. 1989). In Canada, atmosphe
ric po l lu t ion f r o m the large n ickel smelting 
complex in , the Sudbury district of O n t a r i o has 
had a long history of negative effects o n vegeta
t ion o n the region, most lichens were elimina
ted w i t h i n several kilometers d o w n w i n d of the 

po l lu t ion sources (LeBlanc and Rao 1966). Sul
fur, i n vary ing forms, is the p r i m a r y pollutant 
responsible for the decline of the l ichen f lora 
around Sudbury, and laboratory studies confir
med the sensitivity of lichens to sulfur dioxide 
and its derivatives i n acid precipitation (Hawks-
w o r t h 1971, Pucket et al 1973). 

Point sources of p o l l u t i o n f r o m industrial de
velopment have increased markedly i n northern 
regions i n the latter half of this century (Figure 
1). Lit t le effort has been expanded o n evalua
t ion of the direct effects of atmospheric p o l l u 
t ion on lichens as a forage for reindeer and cari
bou. In addit ion to the economic and socially 
important role of reindeer husbandry i n the 
past several decades i n the Soviet U n i o n , F i n 
land, Sweden, and N o r w a y , caribou and w i l d 
reindeer have been equally important i n the 
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subsistence economy of northern peoples i n the 
Soviet U n i o n , Greenland, Canada, and Alaska 
(Kle in 1989). O n l y during the past t w o decades, 
as international concern over the deterioration 
of the w o r l d ' s environment mounted, have ef
forts been expanded at assessing losses of l ichen 
species diversity and biomass as forage for rein
deer and caribou i n areas of heavy atmospheric 
p o l l u t i o n . 

A i r p o l l u t i o n f r o m smelting of n ickel and 
copper at Monchegorsk and N i c k e l o n the K o l a 
Peninsula, of U.S .S .R . resulted i n sulfur fallout 
measured by Hel le et al. (1990) i n adjacent areas 
of northern F i n l a n d of 1.0-1.2 g/m 2 , and to 0.4 
g/m 2 i n western Lapland. In spruce (Picea abies) 
stands at 6 7 ° 5 0 ' N and 6 5 ° 4 4 ' N , where these 
authors began studies of aboreal lichens i n 
1976, l ichen biomass had been reduced by 50% 
up to 1988 at the more southern site and by 
75% at northern site under sulfure fallout levels 
of about 0.6 g/m 2 . 

Pollution from the Norilsk complex 
In the T a i m y r region of north central Siberia, 
p o l l u t i o n f r o m the huge metallurgical complex 
of N o r i l s k has had serious consequences for l i 
chens i n an area that has been heavily used by 
both domestic and w i l d reindeer (Vlasova et al. 
1991). N o r i l s k , ly ing in the A r c t i c at nearly 
7 0 ° N is a city of 260,000 people. Founded i n 
the mid-1930 /s in association w i t h development 
of the w o r l d class copper-nickel sulfide deposits 
i n the region, N o r i l s k supplies about t w o thirds 
of the total Soviet product ion of n ickel and is 

the largest n ickel producer i n the w o r l d . The 
source of power for min ing , smelting, the ci ty 
of N o r i l s k , and satellite m i n i n g centers was or i 
ginally coal f r o m local mines. In the late I960' s 
hydroelectric development of the K h a n t a y k a 
and K u r e y k a rivers lessened dependence o n 
coal. Construc t ion of natural gas pipelines to 
the area during 1969-1973 further reduced the 
need for coal, but also enabled construction of 
a second smelter. The discontinued dependence 
o n coal resulted i n some reduction of atmosp
heric p o l l u t i o n . G r o w t h in the industrial com
plex, however, increase i n sulfur content of the 
ore processed, and introduct ion of an autoge
nous fusion processing method increased the 
p r o p o r t i o n of sulfur component i n discharge 
gasses f rom 5% i n 1981 to about 50% by 1989 
(Vlasova et al. 1991). The N o r i l s k complex n o w 
accounts for roughly 4.5 m i l l i o n metric tons of 
atmospheric p o l l u t i o n annually (Saunders 1990). 
This includes nitrogenous and anhydrous sulfur 
components that readily convert to acids i n 
contact w i t h rain or surface water and substan
tial amounts of heavy metals (Kovalev and F i -
l ipchuck 1990). Sulfur dioxide emissions alone 
equal about 2.2 m i l l i o n metric tons per year, an 
amount about equal to the total of all combi
ned Canadian output (Saunders 1990). 

Studies of p o l l u t i o n effects f r o m the N o r i l s k 
metallurgical complex on vegetation of the re
gion were initiated i n 1976 by Soviet scientists 
f r o m the Far N o r t h Institutes for Agr icu l tura l 
Research in N o r i l s k jo int ly w i t h specialists 
f r o m the Forest Resources Section of the 

Table 1. Effects of atmospheric p o l l u t i o n f r o m the N o r i l s k metallurgical complex on vi ta l i ty , species composi 
t i o n , percent ground cover, and biomass of lichens in the region (data f r o m Vlasova et al. 1991; p o l 
l u t i o n zones are referenced in F i g . 2). 

Degree of 
P o l l u t i o n 

V i t a l i t y 
of lichens 

N u m b e r 
of species 

Percent 
cover 

Biomass 
(100 kg/ha) 

M a x i m u m Absent, or on ly fragments remaining 0-4 < < 1 

Severe H e a v i l y damaged, morphological changes 
of up to one half of the thall i 

5-20 <20 1-5 

Moderate Stressed, less than average size, changes in 
color of thall i 

21-34 >20-40 >5-10 

Slight N o r m a l , average size >34 >40-70 >10-15 

Relatively 
clean 

G o o d condit ion >34 
(up to 96) 

>70-90 >15 

24 Rangifer, 12 (1), 1992 



- 70°N 

- 6 8 ° N 

20 40 60 80 k m 
i i 

DEGREE OF POLLUTION 

M ax imum 

Severe 

Y77A Moderate 

V///X Sl ight 

Relatively Clean 

F i g . 2. Degree of p o l l u t i o n i n zone radiating f r o m the N o r i l s k metallurgical complex as reflected i n c o n d i t i o n 
of lichens ( f rom data i n Table 1). 

U n i o n Scientific Research Institutes in M o s c o w 
and Bryansk (Vlasova et al. 1991). In the zone 
of fallout of atmospheric po l lu t ion during sum
mer, vegetation over an area of 565,000 ha sho
wed various levels of damage and deterioration 
when surveyed in 1989 (Vlasova et al. 1991) (Fi
gure 2). This compares to 457,000 ha i n this ca
tegory in 1986 and 323,000 ha i n 1976, thus the 

annual increase i n area affected changed f r o m 
13,400 ha/yr f r o m 1976 through 1986 to 36,200 
ha/yr in the f o l l o w i n g 3 years. Forests, domina
ted by Larix sibirica, and most lichens have 
been ki l led in an area of over 300,000 ha closest 
to the po l lu t ion source and extending obliquely 
over 50 k m to the southeast (Figure 2) (Table 
1). 
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The pattern of the response by lichens to pol 
lu t ion is consistent w i t h distr ibution of the plu
me of summer po l lu t ion f r o m the N o r i l s k me
tallurgical complex, w h i c h i n turn is the pro
duct of seasonal w i n d patterns. Topographic 
features, however, also have an important inf lu
ence on distr ibution of pollutants. The Putora-
na Mounta ins ly ing east and southeast of N o 
rilsk are a partial barrier to penetration of air
borne pollutants although major river valleys 
and associated large lake basins serve as chan
nels for movement of polluted air into lower 
ly ing areas i n this mountain range. 

The extensive area over w h i c h lichens have 
been eliminated or their biomass greatly redu
ced as a consequence of po l lu t ion f r o m the N o 
rilsk metallurgical complex has been an impor
tant winter ing area for domestic and w^ild rein
deer. W i l d reindeer f r o m the T a i m y r herd, 
numbering close to 600,000, winter i n the Puto-
rana Mounta ins mostly east of the polluted 
area, however, tens of thousands of animals 
f r o m this herd extend their winter grazing into 
slightly to moderately polluted areas. Domest ic 
reindeer husbandry has been much more severe
ly affected by the loss of lichens. W i n t e r gra
zing of domestic reindeer i n areas of m a x i m u m 
and severe po l lu t ion was discontinued and herd 
numbers have declined accordingly since the 
mid-1970's. Because the polluted areas are ex
panding, the available l ichen forage continues to 
decline through death of lichens and decreased 
lichen growth rates. The future of reindeer hus
bandry and of the w i l d reindeer populat ion i n 
the T a i m y r is therefore seriously threatened. 

Concluding remarks 
W i l l the current poli t ical and economic reforms 
in progress i n the Soviet U n i o n lead to realistic 
efforts to reduce p o l l u t i o n emissions f r o m the 
N o r i l s k metallurgical complex? Technology 
exits in the West to improve efficiency of the 
smelting process at N o r i l s k . Recently initiated 
exchanges of representatives f rom the N o r i l s k 
complex and Canada's Inco nickel product ion 
facilities at Sudbury, O n t a r i o and T h o m p s o n , 
Mani toba , may ultimately lead to assistance i n 
the adoption of new technology at N o r i l s k 
(Saunders 1990). Even if emissions of sulfur 
components are reduced in the future, recovery 
of vegetation i n severely damaged areas w i l l re
quire a long time. Lichens, in particular, must 

undergo a long sequence of recovery, including 
the establishment of pioneering forms that are 
little used by caribou and reindeer, w h i c h ult i 
mately leads to a climax or terminal l ichen 
complex dominated by species of most impor
tance as forage (Kershaw 1977). This entire se
quence requires a m i n i m u m of 20 to 25 years 
f o l l o w i n g fire (Andreev 1977), and much longer 
if no l iv ing lichens remain in the area or vascu
lar plant succession becomes stagnated in a grass 
or sedge stage (Kle in 1982, 1987). 

Widespread deterioration and death of lichens 
in the T a i m y r as a consequence of p o l l u t i o n 
f r o m the N o r i l s k metallurgical complex is a ca
tastrophic loss of a major forage resource, and 
has markedly l imited product ivi ty of the region 
for reindeer. Sensitivity of lichens to air pol lu
t ion has been w e l l demonstrated i n the T a i m y r 
at the cost of loss of biological diversity, disrup
t ion of ecosystems, and reduced product iv i ty of 
the land. Increased exploitation of mineral re
sources i n the circumpolar N o r t h and associa
ted industrial development, expansion of human 
populations, p o l l u t i o n f r o m point sources, and 
global increases in atmospheric p o l l u t i o n pose a 
major threat to lichens and their use as food for 
the w o r l d ' s populat ion of reindeer and caribou. 
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