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FLUORIDE EXPOSURE IN CERVIDS INHABITING AREAS ADJACENT

TO ALUMINUM SMELTERS IN NORWAY. I. RESIDUE LEVELS

Turid Vikoren,1 Gudbrand Stuve,1 and Arne Froslie2
Section for Wildlife Diseases, Central Vete#{241}naryLaboratory,

P.O. Box 8156 Department, N-0033 Oslo, Norway
2 Department of Reproduction and Forensic Medicine, Norwegian College of Vetennary Medicine,

P.O. Box 8146 Department, N-0033 Oslo, Norway

ABSTRACT: Mandibular fluorine concentrations were determined in 1,425 red deer (Cervus ela-
phu.s), 240 moose (Alces alce.s), and 424 roe deer (Capreolus capreolus) collected in Norway from

1990 to 1993 in seven municipalities in which aluminum smelters are located, in eight neighboring
municipalities, and in eight reference areas representing background levels. Background fluorine

concentration was significantly correlated with age in all three species. Roe deer had the highest
mean background fluorine level in each age group, followed by red (leer. Due to differences in

fluoride exposure, large variations in bone fluorine residues were evident between locations. In
A rdal, the district most severely exposed to fluoride contamination, nine of ten cervids had flu-

orine concentrations exceeding background levels. The proportions of red deer with fluorine
residues exceeding background levels also were high in neighboring municipalities to Ardal. \Ve
propose that roe (leer are a better hiomonitor of local fluoride exposure than red deer and moose,
due to their more sedentary behavior.

Key words: Fluoride emission, bone fluorine, cervids, Cervu.s elaphus, Alces alces, Capreolus

capreolus.

INTRODUCTION

Fluorine-containing Co inpounds are

used in the aluminum producing process.

The resulting emissions from electrolysis

cells include both gaseous and particulate

fluoride. In Norway, the first primary alu-

minum reduction plants began operating

in 1908. Prior to 1960, aluminum smelters

were located on fjords to enable transport

of raw materials and processed aluminum

by sea, and in valley bottoms to use hy-

droelectric power. The topographical con-

ditions hindered rapid dispersal of air-

borne emissions from the smelters. Four

of these smelters are still operating: in

H#{248}yanger, Ardal, Sunndal, and Vefsn. Flu-

orosis in farm animals in Norway due to

fluoride emissions first was reported in the

early 1930’s by Slagsvold (1934). Experi-

mental studies in which sheep were fed

grass grown in the vicinity of an aluminum

smelter enabled Slagsvold (1934) to doc-

ument the development of fluorotic le-

sions.

The Norwegian aluminum industry ex-

panded rapklly during the 1950’s. This re-

sulted in industrial fluorosis becoming a

severe problem in livestock locally in einis-

sion-exposed areas. In Norway, the extent

of adverse effects on animals and vegeta-

tion is influenced not only by levels and

composition of the emissions, but also very

largely by local topographical and meteo-

rological conditions (Flatla and E nder,

1967). Reduction plants established in

Norway after 1960, in Kvinnherad, Kar-

ni#{248}y,and Farsund, were located ii�ore fa-

vorably with respect to rapi(I (liSpersal of’

fumes.

The Norwegian Smoke Control Council

initiated a program, running from 1967 to

1992, to summarize data concerning emis-

sions from all Norwegian aluminum p1�tnts,

and assess detrimental effects on vegeta-

tion and livestock (Hansen, 1994). Wild

animals were not include(l in this iiu�ni-

toring program. However, sporadic cases

of fluorosis in cervids have been recorded,

and red (leer (Cervus elaplius) collected in

A rdal, Norway, in 1970, had considerable

I)one fluorine loads (Holt, 1978). On the

initiative of the Norwegian aluminum

manufacturers, a comprehensive study for

monitoring the effects of fluoride emis-

sions on the local environment was started

in 1990. As part of this study, a systematic
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survey of the effects of fluoride exposure

on red deer, roe deer (Capreolus capreo-

lus), and moose (Alces alces) was carried

out. Our objective was to evaluate the ex-

tent of exposure on local cervid popula-

tions; we used mandibular fluorine con-

centrations as an index of fluoride expo-

sure. Fluorotic lesions associated with flu-

oride exposure are described separately

(Vik#{248}ren and Stuve, 1996).

MATERIALS AND METHODS

Between 1990 and 1993, mandibles from a
total of 1425 red deer, 240 moose, and 424 roe
deer were sampled in Norway. The collecting
sites included seven municipalities of variable
area in which primary aluminum smelters are
located, eight neighboring municipalities to
these, and eight reference areas (Fig. 1).

Municipalities with aluminum smelters and
their respective sample numbers were distrib-

uted as follows: Farsund (58#{176}05’N, 06#{176}50’E),
165 roe deer; Karm#{248}y (59#{176}18’N, 05#{176}19’E), 23

red deer; Kvinnherad (59#{176}53’N, 05#{176}45’E), 259
red deer; Ardal (61#{176}19’N, 07#{176}49’E), 95 red deer

and 30 moose; H#{248}yanger (61#{176}13’N, 06#{176}08’E),
130 red deer; Sunndal (62#{176}41’N, 08#{176}33’E), 313
red deer and 162 roe deer; and Vefsn (65#{176}51’N,

13#{176}11’E), 117 moose. Samples from the eight
neighboring municipalities included: Bokn
(59#{176}13’N, 05#{176}25’E), 25 red deer; La�rdal

(61#{176}06’N, 07#{176}30’E), 62 red deer; Sogndal
(61#{176}14’N, 07#{176}05’E), 138 red deer; Leikanger

(61#{176}11’N, 06#{176}53’E), 34 red deer; Solund
(61#{176}04’N, 04#{176}50’E), 18 red deer; Hyilestad
(61#{176}10’N, 05#{176}17’E), 47 red deer; Balestrand
(61#{176}12’N, 06#{176}32’E), 44 red deer; and Luster

(61#{176}25’N,07#{176}17’E),36 red deer. The reference
material included 201 red deer mandibles from
Masfjorden (60#{176}48’N, 05#{176}17’E), Surnadal
(62#{176}58’N, 08#{176}43’E), Meldal (63#{176}04’N, 09#{176}40’E),
and Hemne (63#{176}19’N, 09#{176}06’E), 93 moose
mandibles from Asnes (60#{176}37’N, 12#{176}02’E) and
Verdal (63#{176}48’N, 11#{176}30’E), and 97 roe deer

mandibles from #{216}stfold (59#{176}00’ to 59#{176}40’N,
10#{176}45’ to 11#{176}30’E) and Fosen (63#{176}30’ to
63#{176}50’N, 09#{176}50’to 10#{176}50’E). Additionally, 25
sheep mandibles from Sogndal were collected

at slaughter in 1992.
Hunters collected mandibles from cervids

shot during regular hunting seasons, from the
end of September until the middle of Novem-
ber for red deer and moose, and from the mid-
dle of August until the middle of December for
roe deer. The samples were stored at -20 C.
Data recorded including location, date, esti-

mated age, sex, general condition, and carcass

FIGURE 1. Map of Norway with locations where

mandibles of cervids were collected from 1990 to

1993. Sites 1 to 7 are municipalities of variable area

in which aluminum smelters are located; (1) Farsund,

268 km2, (2) Karm#{248}y, 228 km2. (3) Kvinnherad, 1136

km2. (4) Ardal, 982 km2. (5) H#{248}yanger, 906 km2. (6)

Sunndal, 1712 km2. and (7) Vefsn, 1700 km2. Sites 8

to 15 are neighboring municipalities to some of these;

(8) Bokn, (9) Lierdal, (10) Sogndal, (11) Leikanger,

(12) Solund, (13) Hyllestad, (14) Balestrand, and (15)

Luster. Reference materials were collected in (a) Ma-

sfjorden, (b) Surnadal, (c) Meldal, and (ci) Hemne for

red deer, in (e) Asnes and (1) Verdal for moose, and
in the districts (g) #{248}stfoldand (h) Fosen for roe deer.

weight, were submitted to the Central Veteri-

nary Laboratory in Oslo at the end of each
hunting season.

Bone samples for fluorine analyses from
moose, adult red deer, and sheep were ob-
tained 15 mm upwards from the rnargo ren-
tralis of the right corpus rnandibulae, between

the fourth premolar and the second molar. In
roe deer and fawns of red deer, the ventral half
of the pars molaris on the right corpus man-

dibulae between the first premolar and the last
molar was sampled, including the ventral part

of the angulus mandibulae in roe deer fawns.
The bone specimens were dipped in boiling
water to facilitate removal of soft tissues.

The fluorine analyses were performed at the
laboratory of Hydro Aluminium in Ardal, Nor-
way. Bone samples were converted to ash at

700 C for a minimum of 8 hr. The fluorine (F)

Downloaded From: https://bioone.org/journals/Journal-of-Wildlife-Diseases on 28 Mar 2024
Terms of Use: https://bioone.org/terms-of-use



Roe deer Red deer Moose

800

I
8 600
ft
C

I

I
200

0
0.5 1.5 2.5 3.5 to 5.5 >5.5

Age group (yr)

ly correlated with age (r = 0.74, r 0.67,

and r = 0.54, in moose, red deer, and roe

deer, respectively). No significant differ-

ence by sex was observed in fluorine level.

When comparing species, significant (P

< 0.01) differences in background bone

fluorine content were found in all age

groups, except >5.5 yr. When testing spe-

cies two by two, significant differences

were evident, except between fawns of red

deer and moose, and between red deer

and roe deer yearlings (1.5 yr) and 2.5-yr-

olds. Generally, roe deer had the highest

mean background fluorine concentrations,

followed by red deer.

The UNL for mandibular fluorine con-

centrations in unexposed cervids had in-

terspecific variation within age groups (Ta-

ble 1). Roe deer had the highest UNL in

all age groups. In all three species, the

UNL was higher in the 0.5-yr-olds than in

the 1.5-yr-olds. Between 1.5-yr-old and
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concentration in I)ofle ash was determined us-

ing a solid-state fluoride-selective electrode
(Sintalyzer-system) as described by Na�’ and

Keul (1978). Two parallel ash samples from
each specimen were analyzed, and the mean
recorded as the fluorine concentration. Results
were expressed as ppm F (mg F/kg) in bone

ash. For quality control, fluorine analysis of 15
random samples each of bone and ash speci-

mens was performed at the Foundation for Sci-
entific and Industrial Research (SINTEF) in
Trondheim, Norway, using the same method as

at the laboratory in Ardal. No discrepancy was
noted in results of the two laboratories.

Ages of sheep were given by the owners.
Ages of red deer (�2.5 yr), and moose and roe
deer (� 1.5 yr), were determined by tooth re-

placement (Reimers, 1981). Older animals
were aged by examination of annuli in incisor

tooth cementitm after decalcification and stain-
ing of tooth sections (Reimers and Nordby,
1968). Younger cervids were grouped as 0.5,

1.5, and 2.5 yr, whereas older animals were

grouped as 3.5 to 5.5 yr and >5.5 yr, to get
sufficiently large groups for statistical analyses.

The Student procedure was used for calcu-

lating confidence intervals for the means (Alt-
man, 1991). Species differences in background
fluorine levels were examined for each age
group using the Kruskall Wallis test and the
\Vilcoxon two-sample test (Altman, 1991). The

latter also was used to test differences in fluo-
rine levels between males and females. Corre-
lation analysis was carried out using the Pear-
son model (Altman, 1991). Statistical signifi-

cance in this study refers to P < 0.05.

In order to distinguish between cervids ex-
posed to fluoride emissions and animals that
were not, we estimated a limit called the upper
normal limit (UNL). This limit was estimated

for each species and age group using the sam-
ple 95th percentiles of mandibular fluorine
concentrations in cervids collected at reference
sites. Also we wanted to graduate the fluorine-
load and chose the upper normal limit X three

(UNL X 3) to represent the threshold for
which the mandibular fluorine concentration
had to exceed for cervids to be termed defi-
nitely fluorine-loaded. Thus, the extent of flu-

oride exposure in each municipality was de-
scribed by the percentage of cervids having
mandibular fluorine concentrations exceeding

the UNL and UNL X 3.

RESULTS

In cervids from the reference sites, large

individual variations in mandibular fluo-

rine level occurred within age groups (Fig.

2). Fluorine concentration was significant-

FIGURE 2. Mandibular fluorine (F) concentra-
tions (ppm F in bone ash) in red deer, moose, and

roe deer from reference sites not exposed to indus-

trial fluoride emissions, given as means with confi-
dence intervals for each age group.
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TABI.F: 1. Upper normal liniit (UNL) hir the mandibular fluorine concentration (ppm F in bone ash) in

various age groups of roe deer, red (leer and moose, I)aSed on the 95th percentiles of mandibular fluorine

levels in cervids collected from reference sites, 1990 to 1993.

Age group

Roe deer Red deer Moose

Ntiiuber UNI.’ Number UNL’ Number UNL’
(yr) sampled (ppm 1”) samttpled (ppm F) sampled (ppm F)

0.5 27 530 31 310 22 150

1.5 17 31() 66 270 22 110

2.5 8 490 52 .350 20 230

3.5 to 5.5 36 5:30 24 :350 22 160

>5.5 9 880 28 610 7 750

1’Itt’ figures have been rounded off to the nearest 10.

>5.5-yr-old, the UNL increased with age,

except for moose bebveen the two age

groups of 2.5-yr-okl and 3.5-5.5-yr-old.

The highest mean mandibular fluorine

level in all age groups of red (leer was

found in Ardal, followed by Sunndal (Ta-

ble 2). Moreover, the mean fluorine resi-

dues in red (leer from Sogndal and Bokn,

neighboring municipalities to Ardal and

Karm#{248}y, respectively, exceeded the corre-

sponding levels in animals from H#{248}yanger,

Karm#{248}y, and in part Kvinnherad, all with

smelters within the municipality (Table 2).

Moose from Ardal had considerably el-

evated fluorine concentrations compared

with the reference group, whereas the

poptt1atioi� in Vefsn was moderately fluo-
rine-loaded (Table 3). The mean fluorine

levels in roe (leer from the fluoride emis-

sion-expose(l municipalities of Sunndal

and Farsund clearly exceeded those of the

reference group (Table 4).

In sheep sampled from Sogndal, the

mean nlandibular fluorine level was 1006

ppm F and the average age 6.3 yr.

A rdal had the highest proportion of red

deer with bone fluorine levels above UNL

and UNL X 3 (Table 5). The percentage

of red (leer exceeding U N L was in the

same order of magnitude in Sogndal and

Sunndal. However, regarding UNL X 3, a

three-fold higher percentage was revealed

in Sunndal (Table 5). Of red deer sampled

in La�rdaI and Luster, municipalities locat-

ed southwest and northwest of Ardal, 68%

and 36% had fluorine levels above UNL,

respectively, whereas less than 8% exceed-

ed UNL X 3. Bone fluorine concentrations

in red deer collected in other municipali-

ties located on the Sognefjord, namely

Leikanger, Solund, Hyllestad, and Bales-

trand, did not exceed UNL.

On the basis of local geography and to-

pography, the red deer material from the

municipality of Sunndal was split into

three groups; Sunndalen (n = 107), Alvun-

deid (n = 121), and #{216}ksendalen (n = 79).

The proportions of red (leer with fluorine

levels exceeding UNL in these three lo-

cation groups, were 79%, 60%, and 34%,

respectively, whereas 39%, 12%, and 1%,

respectively, exceeded UNL X 3.

When regarding the proportions of

moose and roe deer exceeding UNL and

UNL X 3, distinct differences between the

two fluoride-exposed moose populations

were evident, whereas in roe deer only

small differences existed between Sunndal

and Farsund (Table 5).

DISCUSSION

Accumulation of fluoride with age was a

prominent feature in the present study. In

roe (leer, the correlation coefficient of the

relation between background fluorine level

an(l age, corresponded well with that re-

ported by Kierdorf (1988). However, bet-

ter correlations were documented in

moose and red deer. This may reflect the

age determination method used, which is

more precise in these two species than in

roe (leer. Kierdorf et a!. (1995) found a
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TABLE 3. Mandibular fluorine (F) concentrations (ppm F in bone ash) in different age groups of moose

collected from two fluoride-exposed sites (Ardal and Vefsn) and from two reference sites not exposed to

industrial fluoride emissions, 1990 to 1993.

Age group
(r)

Reference
sites Vefsn Ardal

0.5

1.5

Number sampled

Mean

SD
95% Confidence interval

Range

Number sampled

Mean

SD
95% Confidence interval

Range

22

68

45

49-88

28-176

22

60

28

48-73

22-107

20

141

260

19-263

26-1,219

42

159

163

108-21()

36-890

2

178

-

152-203

6

487

186

291-682

206-713

2.5 Number sampled

Mean

SD

95% Confidence interval

Range

20

88

64

58-118

22-273

19

194

230

83-305

35-775

9

5.31

790

-0-1,138

141-2,591

3.5 to 5.5 Number sampled

Mean

SI)

95% Confidence interval

Range

22

88

47

67-109

40-166

30

171

125

124-218

50-514

7

1,302

1,233

162-2,442

175-3,407

>5.5 Number sampled

Mean

Si)

95% Confidence interval
Range

7

318

213

121-515
123-748

6

432

319

97-767

172-1,043

6

3,042

1,493

1,476-4,609

1,805-5,406

-. not calculated.

higher correlation coefficient (r = 0.81) in

re(l deer than we did, probably due mainly

to the fact that their animals were marked

(ear tagged) as postnatal fawns, thus the

ages at death were exactly known. Suttie

et al. (1987) and Kierdorf et al. (1989)

found no difference in fluoride accumu-

lation between males and females, which

agrees well with our findings.

In general, background fluorine levels

reported in the literature cannot be di-

rectly compared due to methodological

differences, especially those regarding

bone sampling and age determination.

Fluorine concentrations vary both be-

tween bones and between different parts

of a bone (Kay, 1975). Nevertheless, the

background fluorine levels found in Nor-

wegian roe deer in the present study seem

to be among the lowest reported for this

species. Kierdorf (1988) reported a mean

mandibular fluorine level of 470 ppm (dry,

fat-free weight) in 83 roe deer of an av-

erage age of 4.7 yr. a figure comparable to

670 ppm F on an ashweight basis. The cor-

responding figure in our roe deer material

was 254 ppm F at a mean age of 2.9 yr.

Taking the lower average age into account,

the background fluorine level observed in

Norway seems somewhat lower than that

reported from Germany by Kierdorf

(1988). The mean fluorine levels demon-

strated by Walton and Ackroyd (1988) in

roe deer from different localities in En-

gland and Scotland were similar to or

higher than that found in our study.

Only a few data exist on background flu-

orine concentrations in red deer (Machoy

et al., 1991; Kierdorf et a!., 1995) and in

moose (Kay et al., 1975a). In summary, it
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TABLE 4. Mandibular fluorine (F) concentrations (ppm F in bone ash) in different age groups of roe deer

collected from two fluoride-exposed sites: Farsund and Sunndal, and from various reference sites not exposed

to industrial fluoride emissions, 1990 to 1993.

Age group
(yr)

Reference
sites Farsund Sunndal

0.5 Number sampled

Mean

SD

95% Confidence interval

Range

27

182

129

131-233

73-594

51

304

448

178-430

38-2,759

58

396

436

281-511

66-2,759

1.5 Number sampled

Mean

SD

95% Confidence interval

Range

17

194

66

160-228

90-.307

24

563

466

366-760

125-2,034

12

618

568

257-979

170-2,172

2.5 Number sampled

Mean

SD

95% Confidence interval

Range

8

242

126

137-�347

129-487

20

935

1,611

181-1,689

141-7,430

23

807

1,145

312-1,302

168-4,861

3.5 to 5.5 Number sampled

Mean
SD

95% Confidence interval

Range

36

273

121

232-314

114-568

62

833

1,176

534-1,132

135-6,830

56

1,192

1,599

764-1,620

81-8,696

>5.5 Number sampled

Mean

SD

95% Confidence interval

Range

9

520

265

316-724

131-883

8

1,004

1,478

-0-2,240

251-4,644

13

1,855

2,304

463-3,247

164-8,042

TABLE 5. Proportion (%) of red deer, moose, and

roe deer with mandibular fluorine level exceeding the
upper normal limit (> UNL) and upper normal limit

X 3 (> UNL X 3), in each of the fluoride-exposed

sites; Ardal, Sunndal, Karm#{248}y, Kvinnherad, H#{248}yan-
ger, Vefsn, and Farsund, and in Sogndal and Bokn,

neighboring municipalities to Ardal and to Karm#{248}y,

respectively, 1990 to 1993.

Species Site

>UNL
(%)

>UNL
X 3 (%)

Red deer Ardal
Sunndal

Karm#{248}y

Kvinnherad

89

60

39

38

53

19

0

7

Moose

H#{248}yanger

Sogndal

Bokrm

Ardal

Vefsn

23

58

72

87

35

2

7

12

47

5

Roe deer Sunndal

Farsund

38

31

14

11

seems that minor geographical differences

in background fluorine levels exist within

species, as demonstrated by Kay et a!.

(1976), and Walton and Ackroyd (1988).

This partly may be due to geological dif-

ferences and varying degrees of anthro-

pogenic addition of fluoride. Norwegian

lakes had significant differences in median

fluorine concentrations in water between

different geological provinces, ranging

from 13 to 80 mg F/l (Skjelkv#{226}le, 1993).

Comparisons between the various refer-

ence sites was not carried out in our study

due to small sample size and heteroge-

neous age composition.

No interspecies difference in back-

ground fluorine level was found in the age

group >5.5 yr. most probably due to the

heterogeneous age composition resulting

from disparity in life expectancy of the

species, and the small sample size. In all
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the other age groups, roe (leer had signif-

icantly higher background fluorine levels�

than moose. As discussed by Kay et al.

(1976), specific differences in fluorine lev-

el are difficult to explain, especially in

closely related species with similar dietary

preferences.

The UNL was higher in the 0.5-yr-olds

than in the 1.5-yr-olds, due to a few high

individual fluorine levels among the calves,

most prominent in roe (leer. This was

probably a result of variable individual bi-

ological response to fluoride.

In Norway, the aluminum producing

process is the only fluoride-emitting in-

dustry of concern (Flatla and Ender,

1967). From 1990 to 1993, the average to-

tal fluoride emissions (includes both gas-

eous and particulate fluoride) from the pri-

mary aluminum smelters in Ardal, Sunn-

dal, Karm#{248}y, Vefsn, Kvinnherad, H#{248}yan-

ger, and Farsund, were 18, 14, 11, 8, 7, 6,

and 6 kg F/hr, respectively (Anonymous,

1994). Animals may be exposed to fluoride

by consumption of polluted feed, intake of

polluted drinking water, or through inha-

lation of airborne fluoride. Inhalation of

fluoride may be regarded as negligible in

cervids (National Research Council, 1971).

In Ardal and Sunndal, water from streams

taken within 5 km of the smelters con-

taine(l only slightly raised fluorine levels

(Skjelkv�de, 1993). Thus, we believe that

contaminate(l vegetation was the main flu-

oride source for cervids inhabiting areas

adjacent to Norwegian aluminum smelt-

ers. This assumption was supported by

studies of fluoride contamination of vege-

tation in these areas (Horntvedt and #{248}yen,

1994).

We observed varying degree of elevated

mandibular fluorine levels in cervids living

in the vicinity of different aluminum

smelters. This was in agreement with the

results of previous studies (Kay et al.,

1975b; Newman and Yu, 1976; Holt, 1978;

Newman and Murphy, 1979; Suttie et a!.,

1987). Moreover, cervids from some

neighboring municipalities also had skele-

tal fluorine resi(lues exceeding background

levels. Mandibular fluorine concentration

varied considerably between individuals of

the same age an(l population. This may re-

flect variable individual biological re-

sponse, variations in home range and

browsing preferences, and different extent

and pattern of migration. Individuals with

sedentary home range in highly fluoride

contaminated areas are exposed to higher

fluoride doses than less sedentary animals

migrating between areas with variable flu-

oride contamination, as well as sedentary

animals living in areas with low fluoride

contamination. Roe deer are generally

sedentary and utilize smaller home

ranges than red deer and moose (Semb-

Johansson, 1990). In Farsund and Sunn-

dal, the highest bone fluorine concentra-

tions were found in roe (leer shot within 1

to 5 km from the smelters. It is likely that

these animals had their home range in

these areas, in which the vegetation was

contaminated with high levels of fluoride

(Horntvedt and #{248}yen, 1994). High bone

fluorine levels in the less sedentary red

deer and moose, may reflect long resi-

deuce timne in highly polluted areas.

Cervids from Ardal had the highest

mandibular fluorine levels, an(l also the

largest proportion fluorine-loaded cervids

was found in this municipality. Cervids

were collected as far as 23 km from the

smelter. Animals with mandibular fluorine

residues exceeding UNL were collected in

all parts of the municipality. Both red deer

and moose migrate locally, and individuals

with large bone fluorine residues must

have periodically grazed in heavily con-

taminated locations. The fluoride toler-

ance level given for dairy cattle, 30 mg Fl

kg dry matter in ration (Shupe and Olson,

1971; Hansen, 1994), was exceeded in veg-

etation collected up to 23 km from the

smelter (Horntvedt and #{248}yen, 1994).

Thus, vegetation in large parts of the mu-

nicipality was fluoride contaminated, and

fluorine levels up to 365 mg F/kg dry

weight were found in rowan (Sorbus au-

cuparia) within 1 km from the smelter

(Horntvedt and #{248}yen, 1994). The alumi-
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num smelter in Ardal is located in a nar-

row valley 10 km fromii the innermost end

of the Sognefjord. The valley branches off

in several directions at this site. Lateral

diffusion of smelter emissions is restricted

by high mountains exceeding 1,000

above sea level, and formation of inversion

layers prevents vertical dispersion of (limes

(Thrane, 1988). The climate is dry. Taking

the extent of the fluoride eniission from

the Ardal smelter into account, the local

topography may have a contributory effect

on the degree of environmental fluoride

contamination.

The mean fluorine concentration imi 1.5-

yr-old red deer from Ardal (Table 2) was

less than that found in white-tailed (leer

(Odocoileus virgin ianus) fed a diet con-

taining 35 ppm of soluble fluoride for 2 yr

(Suttie et al., 1985). However, the most se-

verely affected red deer yearlings in Ardal

had fluorine residues of the same order of

magnitude as the white-tailed (leer, thus

these individuals must at least have been

exposed to fluorine levels comnparable to a

daily intake of 35 ppm F in the ration.

In Sogndal, Luster, and L�rdal, all mnu-

nicipalities west of Ardal, the proportion

of red deer with fluorine residues above

UNL was surprisingly large. Fluorine con-

centrations in vegetation collected from

eastern parts of Sogndal and Luster did

not exceed background levels (Horntvedt

and #{248}yen, 1994), nor did mandibular flu-

orine residues in sheep from Sogndal.

Thus, these neighboring municipalities

seemed to not be within the fallout area

affected by fluoride emissiomis from the

smelter in Ardal. Local hunters allege red

deer having traditional mrngration routes

between these areas. Considering all in-

formation available, we believe that ele-

vated bone fluorine levels in red (leer from

the municipalities neighboring Ardal, were

attributable to local and regional migration

of animals leading to variable residence

time in contaminated areas in Ardal.

In Sunndal, areas affected by emissions

were geographically limited, niainly (lue to

the local topography. The Sunndal smelter

is located in Sunndals#{248}ra at the inner end

of the Sunndalsfjord. A long, narrow val-

ley, Sunndalen, extends about 35 km in

south-easterly direction fromii Sunndals#{248}ra.

In Sunndalen, high miiountains and for-

ination of inversion layers prevent (lisper-

sion of fumes from the smelter (Thrane,

1988). The Alvundeid area is topographi-

cally separated from Sunndalen to the

north, as is #{216}ksendalen in the southwest-

erly direction. The main fallout area for

fluoride emissions, as indicated by residues

in vegetation exceeding 30 mg F/kg dry

matter, included Sunndalen up to 30 kmii

from the smelter, and the innermost part

of the Sunndalsfjord (Horntvedt and

#{248}yen, 1994). This corresponds well with

the findings in our study, where the pro-

portion of red deer with bone fluorine lev-

els exceeding UNL and UNL X 3 was

higher for animals collected in Sunmidalemi

than for those shot in the two other parts

of the municipality. The higher fluorine

residues in red (leer fromii the Alvundeid

area than fromn #{248}ksendalen most probably

were due to the mnigration-pattermi of the

local red deer population. In roe (leer, the

geographical difference in fluorine-load

between Sunndalen and other parts of the

municipality was even miiore distimict (data

not shown). \Ve believe this was due to the

more se(lentary behavior of this species.

The topographical and mueteorological

conditions in Farsund, Karmn#{248}y,amid Kvin-

nherad were muore favorable as regards the

rapid dilution of airborne fluoride pollu-

tion. In Farsund, roe deer were collected

as far as 1 6 km fromn the aluminum smelt-

er. Except for two animals, roe deer with

fluorimie levels exceeding the UNL X 3

were collected within 2 kmii of the smuelter.

Particulate fluoride constituted the main

part of the emission fromn the Farsund

smelter (Anonymous, 1994), thus limiting

contamination to the im mediate surround-

ing areas, as demnonstrated in the vegeta-

tion study (Horntvedt and #{248}yen, 1994).

Mean skeletal fluorine concentrations in

fawns an(1 yearlings of white-tailed (leer

living imi the vicinity of the Alumax alumiii-
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num plant in South Carolina (USA) (Suttie

et a!., 1987), were slightly higher than the

corresponding values in roe deer from

Farsund. However, most of the white-

tailed deer were obtained within 1 km

from the Alumax plant, whereas only 18%

of the roe deer in Farsund were shot with-

in 2 km from the smelter.

The significance of meteorological con-

ditions for fluoride exposure was exempli-

fied in Karm#{248}y, a windy, flat island with a

wet climate. The aluminum smelter is lo-

cated in the northeast of the island and

had medium large emissions by Norwe-

gian standards. Red deer from Vestre

Bokn, an island 9 km southeast of the

smelter, had higher mean bone fluorine

levels and were to a larger extent fluorine-

loaded than animals from Karm#{248}y itself,

which mainly live in the south part of the

island. During the growing season, north-

westerly winds predominated. Fluorine

levels in plants exceeded 30 mg F/kg dry

matter as far as 4 km southeast of the

smelter (Horntvedt and #{248}yen, 1994). Veg-

etation studies were not carried out on

Vestre Bokn but, based on our findings, we

propose that this island was subject to fall-

out originating from fluoride emissions

from the Karm#{248}y smelter. On the other

hand, local hunters allege that red deer

migrate back and forth between the main-

land and several islands, including Karm#{248}y

and Vestre Bokn. Periodic residence in flu-

oride-exposed areas closer to the smelter

thus might have caused the moderate flu-

orine load demonstrated in red deer col-

lected from Vestre Bokn.

Several studies have been performed

using deer as indicator of industrially-

emitted fluoride (Karstad, 1967; Kay et al.,

1975b; Newman and Yu, 1976; Newman

and Murphy, 1979; Suttie et al., 1987;

Kierdorf, 1988; Machoy et al., 1991). Gen-

erally, data of these kind are influenced by

numerous factors and are therefore less

suited for direct comparison. These au-

thors found that different species of deer

were suitable bioindicators of fluoride ex-

posure but, as stressed by Kay et al.

FIGuRE 3. Mean mandibular fluorine (F) concen-

trations (ppm F in bone ash) in various age groups

of red deer collected from Ardal in 1970 (Ilolt, 1978)

and in 1990 to 1993. Number sampled in each age

group in 1970 were: 0.5 yr, H = 3: 1.5 yr. ii = 3; 2.5

yr, � = 4; 3.5-5.5 yr. n = 3; and >5.5 yr. n = 3. The

numbers sampled in 1990 to 93 are given in Table 2.

(1975b), the use of deer as quantitative

biomonitors is subject to inherent vari-

ability due to the deer’s seasonal move-

ments. Thus, sedentary home range be-

havior is an important criterion for the

choice of appropriate species for monitor-

ing local fluoride exposure. Roe deer are

more sedentary than moose and red deer

(Semnb-Johansson, 1990), and seem there-

fore to be a better monitoring tool for local

fluoride exposure, as indicated by our re-

sults from Farsund and Sunndal.

Our results support our belief on the

great importance of the topographical and

meteorological conditions in relation to

the local effect of fluoride emissions. Over

the last 10 to 15 yr, emissions from Nor-

wegian aluminum smelters have been con-

siderably reduced (Anonymous, 1994).

Nevertheless, we found that cervid popu-
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lations were still exposed to fluoride to

varying degrees, particularly in Ardal and

Sunndal, where topographical features are

extremely unfavorable in relation to ade-

quate dispersion of the emissions. How-

ever, the mean fluorine levels in various

age groups of red deer from Ardal found

in our study were lower than those found

in 1970 by Holt (1978), except for fawns

(Fig. 3). Although the study of Holt was

based on few animals, comparison of the

results from the two studies clearly dem-

onstrates a considerable reduction in bone

fluorine residues in red deer from Ardal

during these 20 yr. This corresponds well

with the reduction of total fluoride emis-

sion from 59 kg F/hr to 18 kg F/hr (Anon-

ymous, 1994) during these 20 yr.
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