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A two-year study on perch (Perca fluviatilis) in Lake Molnbyggen,
Sweden, located in a pristine area but with a public refuse dump in
the vicinity, has been conducted. The mechanistic approach through
a set of biomarkers during the first year included age, condition,
somatic growth, liver, gonad, and spleen weights, and a number of
other physiological variables, in addition to ethoxyresorufin O-deeth-
ylase, glutathione-S-transferase, glutathione reductase, catalase, and
the formation of DNA adducts in the liver. Perch from the uncon-
taminated Lake Djursjon, located in a neighboring drainage area,
were used as reference fish. The most pronounced effect was a 80%
reduction in the gonadosomatic index (GSI) for females and a cor-
responding 36% reduction in males. Fin erosion and shallow open
sores were also frequently observed. Biomarkers and later chemical
analysis employed indicated that exposure to well-known environ-
mental pollutants was low, suggesting that less well-known antropho-
genic substances are responsible for the effects observed in perch from
Lake Molnbyggen. During the second year, roach (Rutilus rutilus) of
both sexes were also included in this study. In addition, aromatase
(P450arom) activity in the brain and testosterone and 17B-estradiol
levels in blood plasma were analyzed. Only one-fourth of the female
perch were found to be sexually mature, which was associated with
decreased GSI, lower P450arom activity, and reduced circulating
levels of steroids. The reproductive disorders observed indicates dis-
turbed endocrine function(s), arresting the majority of the female
perch in a sexually nonreproducible immature stage. This novel study
is the first to report evidence for endocrine disruption in wild popu-
lations of fish living in a lake exposed to leakage water from a public
refuse dump. © 2001 Academic Press
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The increasing numbers of refuse dumps and volumes
refuse dumped are among the most visible signs that mai
societies have not yet succeeded in achieving sustainable m:
agement of natural resources, including recycling of material
Many countries today work actively to decrease industria
release of environmental pollutants. However, a neglected ar
in this connection are refuse dumps, which are also potenti
point sources for various pollutants. In fact, refuse dumps al
not only potential point sources of antrophogenic substanc
presently in use, but also for substances used previously, i
cluding substances whose use is now banned by regulatio
and laws.

The relatively small country of Sweden was estimated i
1993 to have more than 500 refuse dumps in use and apprc
imately 6000 that are no longer used, many unregistere
(Swedish Environmental Protection Agency, 1998). Especiall
with regard to unregistered dumps, their contents of toxi
substances and possible toxicological effects on humans a
wildlife are presently unknown. The leakage water from mos
registered refuse dumps in Sweden is routed to nearby sewe
treatment plants (Swedish Environmental Protection Agenc
1998; Rihm, 1998), but in many other cases this leakage wat
diffuses into the surrounding environment in an uncontrolle
manner. It is therefore of urgent necessity to investigate th
potential adverse biological effects of leakage water fron
refuse dumps more extensively, as well as the chemicals r
sponsible for such effects.

Previous studies regarding biological effects of leakage wze
ter from refuse dumps or waste landfills have focused primaril
on acute toxic effects on nonvertebrate organisms. The pos
ble effects of leach water from landfills on growth and mor-
tality have been examined using a number of different system
e.g., green algae (Lambolet al, 1994; Baunet al., 1999),
plants and luminescent bacteria (Devare and Bahadir, 199:
and small crustaceans suchRephnia magngAtwateret al,,
1983; Lambolezet al, 1994; Baunet al, 1999). Various
Species of fish, including rainbow trouS&imo gairdned,
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odon mossambicligAtwater et al,, 1983; Wong, 1989), have
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also been used for acute toxicity measurements in this connec- MATERIALS AND METHODS
tion. Genotoxicity has been assessed employing the Ames test _
(Schrabet al, 1993; Lambolezt al, 1994) as well agacillus Chemicals and materials. Standard DNA (salmon sperm, D-1626), sper-

. . . . L. midine (S-2626), RNase A (R-9134), micrococcal endonuclease (N-3755
subtilis DNA repair and theAspergillus nidulansliploid chro- spleen phosphodiesterase (P-6897), resorufin (R-3257), ethoxyresorufin |

mosome damage bioassay (Scedlal., 1993). Many leachate 3763), 1-chloro-2,4-dinitrobenzene (C-6396), glutathione (oxidized) (G-4626
samples were found to be both highly acutely toxic and gen@gutathione (reduced) (G-4251), NADPH (N-7505), bovine serum albumir

toxic in the above employed toxicity tests. However, sublethd)7030), androst-4-ene-3,17-dione (A-9630), polyethylenimine (P-3143), an
ploy Y activated charcoal (C-5260) were purchased from Sigma Chemical Compa

biological effects in W|I_d.populat|ons of organisms mhabmngSt_ Louis, MO). RNase T(109 193), nuclease P1 (236 225), T4 polynucle
the waters that are recipients for these same leachates haveiitat kinase (3phosphatase-free, 838 292), proteinase K (1000 144), an
been investigated. phenol (100 300) were obtained from Boehringer Mannheim, Scandinavia AE

H 2
Xenobiotics that give rise to negative endocrine effects gijéden- The standard addudr 859 trihydroxy-1(R-(N'-deoxyguanosyl-
g 9 3'-phosphate)-7,8,9,10-tetrahydroberajpjrene (BaPDE-dG-3p) was pro-

humans and in wildlife populations have received increasigreq from Midwest Research Institute (Kansas City, M@)“PJATP (spe
attention during recent years (Colboen al, 1993; Colborn, cific activity = 5000 Ci/mmol, PB 10218) was obtained from Amersham

1995; Cooper and Kavlock, 1997). Undesirable effects of efweden AB (Solna, Sweden). Cellulose (MN-301) and vinyl strips (PVC foil

vironmental poIIution on growth behavior. and reproductio osted/frosted, 0.2 mm), used for the preparation of the polyethylenimin
' ! PEl)-cellulose sheets, were purchased from Machery-Nagéte(DuGer-

'nCIUd'ng reduced sperm count and shortened penis lengthn%hy) and Andren & Swer (Stockholm, Sweden), respectively. Androst-4-
puberty in humans (Carlseat al, 1992; Guoet al, 1994); ene-3,17-dione, [3-*H(N)]- (NET-926) (23.1 Ci/mmol) was bought from
female—female mating in colonial nesting birds (Shugart, 198N, Life Science Products (Boston, MA). Ultima gold scintilation fluid was

Fox, 1992); growth of oviductal tissue in male birds (Fry an tained from CIAB (Lidingo Sweden). Reagents, antibodies, and other
’ ! chemicals for the testosterone (T) angdi&stradiol (E2) assays were procured

Toone, 1981; Fryet al, 1987); and feminization of a”'gatorsfrom Bayer Health Care, Bayer B.V., Division Diagnostics (Mijdrecht, The
(Guillette et al,, 1994) have been reported. Reproductive distetherlands). Solvents used for preparation of chemical extracts and fractio
orders and/or endocrine effects due to antrophogenic stfiwreof were of analytical grade and obtained from KEBO (Stockholm, Swe
stances have also been studied in different species of ). All other chemicals were purchased from common commercial sourct
exposed to bleached kraft mill effluents (BKME) from pul;ﬁa1 " W?re of analytical purity. ) . .
Equipment and apparatus. DNA was quantitated on the basis of its

and paper mll!s (Anderssoet al, 1988; Sandstm et al, absorption at 260 nm using microcuvettes and a GeneQuant spectrophotome
1988; Munkittrick et al, 1992; Van Der Kraalet al, 1992; from Pharmacia (Uppsala, Sweden). Autoradiography was performed usi

Sandstim, 1994; McMasteet al,, 1995) or to effluents from Xomat AR-5 films from Kodak AB (Stockholm, Sweden), with intensifying
sewage treatment plants (Purd@nal, 1994; Folmaret al. screens from DuPont (Wilmington, DE). Liquid scintillation spectroscopy wa:s

. . erformed employing a Packard Tri-Carb 2100TR liquid scintillation countel
1996). Most of the concern in this respect has centered aro‘ﬁ% Packard Instrument Company. A Jasco ST 777 fluorimeter and a Hitac

effects on male reproduction, so-called estrogenic effectss200 spectrophotometer were used for enzyme activity assays. Quantitat
However, there is absolutely no reason to believe that femalkgermination of blood hemoglobin and glucose was performed using special

reproduction should be less affected, e.g., by antiestrogeﬁ%igned photometers obtained from HemoCue ABig@iholm, Sweden). T
xenobiotics and E2 were measured using the Chiron Diagnostics ACS:180 Automatse

o Chemiluminescence Systems (East Walpole, MA). Gas chromatography/me
In 1994-1995, people living around the freshwater Lak@ectrometry (GC/MS) analysis was performed using a Fison MD 800 ma
Molnbyggen, in the central part of Sweden, started to reperective detector connected to a Fison GC 8000 gas chromatograph (Fis

that, in particular, perchP(erca quviatiIis) and northern pike Manchester, UK) with a 30 nx 0.25 mmX 0.25um film thickness capillary
olumn (PTE-5) from Supelco (Bellefonte, PA). The mass spectrometer we

(Esox luciu$ in this lake showed signs of iliness, demonstraﬁ—perated in electron impact mode at 70 eV

ing increased frequenc[es of various skin Iesmng. Therg _Wagtudy site. The body of water investigated, Lake Molnbyggen (67128
great concern that drainage water from a public municipales3E), is located in the municipality of Leksand in the county of Dalarna,
refuse dump, used from 1980, was contaminating the streameden (Fig. 1). Molnbyggen is an oligotrophic lake with an approximate are

Vétén, which empties into Lake Molnbyggen. of 3 km? a maximum depth of 22 m, and an average pH of 7. The main teleo:

- . ecies in the lake are northern pike, perch, roach, burbot, vendasegonus
The present study was initiated to determine whether peréfbula)’ bleak @lburnus alburnuk and ruffe Gymnocephalus cernuus

roach Rutilus rutilug, and, to some extent, northern pike and a 20.year-old municipal dump for household refuse, but with partially
burbot (ota lota) in Lake Molnbyggen are indeed ill and, if so,unknown content, is located at Lindbodarna on a mountainside approximate

what the main symptoms are. A set of different biomarker%,km from Lake Molnbyggen. The Vatan stream is located in the dumj
. . inage area and later empties into the lake (Fig. 1). It has been estimated t
known to respond to SpECIfIC aerphOgemC substances risljlnl'gdleakage water from this refuse dump has an annual volume of 18,000 r

representing different biological functions in the fish, wagq one-third of this water reaches Lake Molnbyggen via the Vtan stream (
employed to mechanistically examine the toxicological effectsundgren, unpublished data).
The study period extended over two consecutive years and thake Djursjm (67°23N, 14°47E), located in a neighboring drainage area

data obtained from the first year served as a basis for samplﬁﬁ” southwest of Molnbyggen, was chosen as the reference lake (Fig. -
JTtsjon is an oligitrophic lake with an approximate area of 4°’kenmaximum

and the selection of appropriate biomarkers during the secofain of 37 m, and an average pH of 7. The distribution of teleost species
year. Lake Djursjm is similar to that in Molnbyggen.
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FIG. 1. The study site: the lake investigated, Lake Molnbyggen; the reference lake, Lake'Djansibthe city of Leksand, Sweden, are shown on the mag
The public refuse dump located at Lindbodarna, approximately 3 km away from Lake Molnbyggen, as well as the Vatan stream, located in the dump c
area and emptying into Lake Molnbyggen, are also shown.

Collection of fish and tissue sampling. The first part of this study involved water in plastic bags for later analysis of morphological disorders and orge
perch caught in Lakes Molnbyggen and Djlirsjo late October 1996 with gill weights.
nets (mesh size 30—33 mm), as well as a few specimens of pike captured bt the cage, blood was removed directly from the dorsal aorta employing
hoop net in April 1997 and stored frozen-aR0°C. The second part included heparinized syringe. From the perch caught in 1996, aliquots of whole bloc
perch and roach caught at the end of October and beginning of November 19&Te analyzed for hematocrit (Dae al, 1975), glucose, hemoglobin, and
with gill nets (mesh size 30—-33 mm) and a few specimens of burbot captutg@dod cell number. Differential counting of leukocytes (percentage of tota
during this same period and stored frozer-&0°C. The weather and averageblood cells), lymphocytes (percentage of leukocytes), granulocytes (percents
temperatures in this area of Sweden were normal during both the summer ahéeukocytes), and thrombocytes (percentage of leukocytes) was perform:
fall of 1996 and 1997, when these investigations were performed. according to Lehman and Sturenberg (1975) using the Pappenheim st:

In both periods of study, the fish were placed in a cage in the lake where tHi®andoz Ltd, 1973). Glucose was measured using a modified enzyma
were caught. In 1996, the fish were allowed to recover for 1-3 days befgmecedure involving glucose dehydrogenase (Bergmeyer, 1974; Baegaich
euthanasia and tissue sampling at the cage as described earliere{Balk 1975) and hemoglobin with modified Vanzetti's reagents (Vanzetti, 1966). |
1993, 1996). However, tissue samples from fish caught in 1997 were takba case of perch and roach caught in 1997, the blood was centrifuged for 2
within 24 h of capture in order to minimize any negative effects on the lev&400Qy,,) and the plasma thus obtained was frozen in liquid nitrogen for late
of circulating steroids or aromatase activity due to sampling stress. No sigrsferoid analysis. After blood sampling, each fish was carefully examine
icant effects on either circulating steroids or production of gonadal sex steroidsually for disorders such as fin erosion, deformations, and skin lesions ar
(McMasteret al, 1994, 1995), as well as on brain aromatase activity (Callatthe disorders observed were photographed.
etal, 1981), have been observed within this timeframe of tissue sampling. Fishn perch, the total length (mm), total body weight (g), and sex, as well a
found dead in the nets were frozenZ0°C) separately with a small amount of liver, spleen (only for 1996), and gonad weights (g) were recorded for eac
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fish. For perch caught in 1996, the fish were only recorded as being femalem@asurements, in order to avoid adverse thawing effects. Finally, protein w.
male. However, for 1997, female perch were divided into sexually matugaantified according to Lowret al. (1951) with bovine serum albumin as
(SM) and sexually immature (SIM) fish based on the occurrence of maturistandard.
oocytes in the gonad. This could be determined because of the distincAromatase (P450arom) activity was measured as the specific release
difference in the morphology of the female ovary (a single structure) and maigiated water accompanying conversion ¢-H*-androstenedione to estrone,
testis (paired bilaterally) in perch. primarily as described by Jeyasuet al. (1994) with certain modifications.
The age of the perch was determined from examination of the opercutzach 300ul incubation routinely contained 2 mM NADPH, 300-52&)
bone according to LeCren (1947). The somatic weight, somatic growth (gwotein, and 146 nM (5< 10° dpm) 18-H3-androstenedione (added as a
erage growth per year), somatic condition factor (S€Bomatic body weight solution in 5ul ethanol) in 0.1 M sodium phosphate, 0.25 M sucrose, and 209
(g) expressed as a percentage of cubic length (cm)), gonadosomatic indlxerol buffer, pH 7.4. Progesterone was omitted, since appropriate contrc
(GSI = gonad weight expressed as a percentage of somatic body weightlealed no significant loss of substrate via ther&ductase pathway (Berko-
liver—somatic index (LSk liver weight expressed as a percentage of somatidtz et al, 1984) under the conditions employed here. These reaction mixture
body weight), and spleen—somatic index (SStpleen weight expressed as awere generally incubated for 20 min at 30°C in a shaking waterbath. Al
percentage of somatic weight) were recorded for each perch. These saxternal standard was used to correct for quenching. Control samples show
variables were also documented for frozen perch and partly for pike and significant decrease in aromatase activity after up to 12 months of stora
burbot. A control experiment revealed that freezing-20°C for 6 weeks (the (results not shown).
longest storage time) had no effect on these variables. The same variables (withll enzyme assays were demonstrated to be linear with time and amount
the exception of age and somatic growth) were also determined for roaphotein under the conditions employed and appropriate background and cont
Several frozen roach livers could not be adequately dissected (due to ith@ibations were routinely performed. All enzymatic measurements welr
effects of freezing on the structure of the liver) and their weights wermarried out at least in duplicate and the replicate values obtained agreed witt
therefore not used. +20%.

A slice (50-100 mg) from the middle of the liver of perch caught in 1996 Genotoxicological methodology. In the livers of perch caught in 1996,
was immediately frozen in liquid nitrogen and thereafter store¢&2°C for large hydrophobic DNA adducts were analyzed according to Geptal.
subsequent analysis of DNA adducts employing*tRepostlabeling procedure (1982) and Beach and Gupta (1992), with the modifications described t
(Randerathet al, 1981; Guptaet al, 1982). The rest of the liver was gricsonet al. (1998, 1999). Briefly, this procedure involves homogenization,
homogenized in a Potter—Elvehjelm homogenizer in an equal volume of 0,28 pation witha-amylase, sequential extraction with phenol and chloroform:
M sucrose using four up-and-down strokes at 420 rpm. This liver homogeng{gamylalcohol, and ethanol precipitation. The redissolved DNA was subst
was mixed in order to obtain a homogeneous mixture and aliquots were tfgﬁj@mw incubated with RNase A and RNasgifT order to degrade any RNA
immediately frozen in liquid nitrogen. still present and the DNA was then reprecipitated with cold ethanol. Th

The brains from female perch and roach caught in 1997 were carefullyncentration of DNA was determined spectrophotometrically.
removed and weighed. This tissue was homogenized in nine times its weighjp, aliquot (12.5ug) of the isolated DNA was digested completely to
of buffer (0.25 M sucrose-0.1 M sodium phosphate, pH 7.4) in a Pottegiaoxynucleoside’3monophosphates (dNB(s)) by treatment with micrococ-
Elvehjelm homogenizer using four up-and-down strokes at 400 rpm. TRg| endonuclease and spleen phosphodiesterase. This digest was then enri
resulting homogenate was centrifuged at 2256r 10 min. The gonads from  for aromatic/hydrophobic adducts by selective dephosphorylation of norm:
SM female perch caught in 1997 were homogenized in an equal volume(§§3'ps with nuclease P1 (Reddy and Randerath, 1986). The remaining nuc
buffer (0.25 M sucrose-0.2 M sodium phosphate, pH 7.4) and this homogeng{iges were labeled wit?P, using y-[*?P]ATP and polynucleotide kinase
was mixed with an equal volume of another buffer (0.25 M sucrose-0.1 Mcording to Ericsomt al. (1998). Apyrase treatment was omitted.
sodium phosphate, pH 7.4) prior to centrifugation (2236r 10 min). The Nucleotide adducts were subsequently separated from the remaining tra
resulting supernatants obtained were each transferred to a 10-ml glass tubeangbrmal nucleotides and from excess ATP by chromatography on PE
then mixed with 20% glycerol (final concentration), to minimize the adversg|iulose thin-layer chromatography plates prepared in our own laboratol
effects of freezing and thawing. Aliquots of these mixtures were placed i”(Randerath and Randerath, 1964), employing resolution in two dimensions
cryo vials and immediately frozen in liquid nitrogen. described by Ericsogt al. (1999). *P-Postlabeled adducts were localized by

All the tissue preparation steps described above were performed at 0—4Geen-enhanced autoradiography and the appropriate areas were excised |
in an ice bath. Supernatants employed for various enzyme assays were stg{gdr| C plates and their content of radioactivity was determined by liquic
at —120°C until use. scintillation counting. In order to ensure that all steps in #ipostlabeling

Testosterone and IB-estradiol measurements. Total testosterone and analysis were performed as expected, standard unlabeled DNA (from salm
17B-estradiol levels in blood plasma were quantified employing the Chirgiperm) was used as a negative control. In addition, as both a positive cont
Diagnostics ACS:180 competitive immunoassays involving chemiluminegnd internal chromatography standard, the adda&B=-dG-3p was labeled
cence and polyclonal rabbit anti-testosterone and rabbit anti-estradiol antibadd run in parallel with the samples examined.
ies, respectively. The detection limits for these assay procedures are 0.35 nmg@hemical analysis of lake sediment.Surface lake sediment was collected
T/L and 0.037 nmol E2/L. Samples containing steroid levels below theggone of the deepest parts in both Lakes Molnbyggen (19 m) and Dju{&$o
detection limits were considered as having 50% of the minimal values detegfy. A Kayak-corer (8.5 cm in diameter) (Kajak al., 1965) was employed to
able. collect the top layer (1-1.5 cm) of sediment. Five to six sampled sedimen

Enzyme assays. EthoxyresorufirO-deethylase (EROD) activity was mea- from each site were pooled and later extracted by Soxhlet extraction (Soxhls
sured essentially according to the method of Burke and Mayer (1974) akR79). The organic extract obtained was later fractionated on a silica colun
expressed as pmol resorufin formed per min/mg protein. Glutathione reduct@8é the hexane and hexane:dichloromethane fractions, containing polycyc
(GR) activity was assayed according to Carlberg and Mannervik (1975) aftpmatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs), respe
expressed as nmol NADPH oxidized per min/mg protein. GlutathiSne tively, were collected. The 15 dominating nonsubstituted PAH compound
transferase (GST) activity was determined using 1-chloro-2,4-dinitrobenzeffdee to six rings) and the six dominating penta- and hexa-chlorinated PC
as the second substrate (Hakigal, 1974) and expressed asnol conjugate Were later analyzed by GC/MS (Z&fmet al, 1993; Bandret al, 1996).
formed per min/mg protein. Catalase was assayed with hydrogen peroxide aStatistical analysis. The data are presented as meanSE of the values
substrate according to Bergmeyer (1955) and the activity was expressedbimined with a numben(= 4-129) of fish. The data on perch caught in 1996,
wmol hydrogen peroxide consumed per min/mg protein. The homogenagsswell as on male perch and female and male roach caught in 1997, we
were rapidly thawed immediately prior to the performance of these enzymaticalyzed using the Mann—-Whitn&ytest. Data regarding SM and SIM female
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TABLE 1
Parameters Examined in Female and Male Perch (Perca fluviatilis) Caught in Lake Molnbyggen in October 1996
in Comparison to Reference Fish from Lake Djursjon

Female Male

Parameter Lake Djursjm

Lake Molnbyggen

Lake Djursjo

Lake Molnbyggen

86.5- 9.18" (19)
81.2 8.60 (19)
197 6.37 (19)

Total weight (g)
Somatic weight (g)
Total length (mm)

Age (year) 5.3+ 0.41 (14)
Somatic condition factor (%) 0.995 0.0133 (19)
Somatic growth (g/year) 15 1.5(14)
Fin erosion and sorég%) 0 (19)

1.36: 0.0637 (19)
6.540.224 (19)
0.050.004 (19)

22.1 1.02 (12)
6.94 0.554 (12)
24:23.78 (12)
22401.88 (12)
53:93.66 (12)

53.5 2.11 (17)
12.7 2.14 (12)
83+15.20 (11)

0.612- 0.0237 (11)
12.9.559 (11)
180- 7.72 (11)
1.0+ 0.34 (10)

Liver—somatic index (%)

Gonadosomatic index (%)

Spleen—somatic index (%)

Hematocrit (%)

Leukocytes (% of total blood cells)
Lymphocytes (% of leukocytes)

Granulocytes (% of leukocytes)
Thrombocytes (% of leukocytes)

Blood hemoglobin (mg/ml)

Blood glucose (mg/100 ml)
EthoxyresorufinO-deethylase (pmol/min/mg protein)
GlutathioneStransferasemol/min/mg protein)
Glutathione reductase (nmol/min/mg protein)
Catalase gmol/min/mg protein)

745+ 12.1(21)
73.6+ 11.9 (21)
183+ 8.63 (21)

3.0+ 0.28* (20)

0.981 0.0341 (21)

21+ 2.4 (20)

4.8 (21)
1.09= 0.0719* (21)
1.31= 0.411* (21)
0.05+ 0.005 (21)

20.7+ 2.06 (10)
5.69= 0.330 (9)
25.6+ 4.76 (9)
22.7+ 4.60 (9)
51.7+ 6.08 (9)
51.2¢ 3.48 (10)
3.54+ 0.468* (9)
114+ 10.3* (12)

0.824r 0.0697* (12)
14.0- 0.523 (12)
336+ 45.9% (12)
0.63+ 0.066 (12)

57.0 7.61 (13)
53.7+ 7.17 (13)
174+ 8.14 (13)
5.5+ 0.64 (12)
0.957 0.0179 (13)
11+ 1.3 (12)

0 (13)
0.854 0.0547 (13)
6.05+ 0.219 (13)
0.06- 0.007 (12)
23.0+ 1.57 (5)
4.89+ 0.556 (5)
22.4+ 7.21 (5)
13.1+ 1.68 (5)
64.5+ 8.61 (5)
55.7+ 3.51 (5)
7.10+ 1.59 (4)
51.0= 13.7 (5)
0.855+ 0.0604 (5)
14.1+ 1.29 (5)
315= 37.5 (5)
na

56.5+ 6.89 (24)
54.5+ 6.64 (24)
174+ 5.97 (24)
4.2+ 0.27 (20)
0.922- 0.0248 (24)
15+ 1.2* (20)
33.3* (24)
1.03+ 0.0702 (24)
3.88+ 0.243* (24)
0.07= 0.007 (24)
21.9+ 1.41 (7)
5.04+ 0.377 (7)
23.6= 3.73 (7)
17.8+ 1.51 (7)
58.6+ 3.45 (7)
52.4+ 2.82 (9)
6.40+ 0.802 (9)
130 20.2* (9)
0.765+ 0.0272 (9)
13.2+ 0.465 (9)
345+ 38.3 (9)
0.54= 0.072 (9)

Hydrophobic DNA adducts (nmol adducts/mol
normal nucleotides)

*Means= SE of values derived fromn] fish. Each sex was subjected separately to statistical analysis.

® The x? test was used to test for associations between the lake of origin and the frequency of fin erosion and sores.

°na, not analyzed.

* Significantly different from the corresponding value for fish from Lake Djuns{p < 0.05) according to the Mann—Whitney test.

perch, caught in Lake Molnbyggen in 1997, were analyzed by the Kruskal- Nor were differences between male perch from these tw
Wallis test and the major differences thus observed were examined furtﬁkes with respect to total Weight somatic weight total Iength

using the two-tailed nonparametric multiple comparison test of Dunn (1964
with SM female perch from Lake Djurgjoas the control. Data obtained for age’ SCF, LSI, or SSI observed (Table 1)‘ However, mal

SIM female perch from Lake Djursjpwere not included in the Kruskal- Perch in Lake Molnbyggen demonstrated significantly lowe
Wallis test, since the number of individuals in this group was naturally low. IGS| values (36% decreased), as well as significantly increas
order to keep the statistics uniform, nonparametric tests were employed duggmatic growth. Furthermore, male perch from Lake Molnbyg

sometimes unequal variances and variations in sample size between the groups. .
The chemical analysis of lake sediments was only performed on one poo%%n revealed a tendencp ¢ 0.08) toward increased LSI.

single sample from each lake. The level of significance in all statistical tests | '€ combined frequency of fin erosion and shallow opet
was set ap < 0.05, whereas a tendency was considered to be demonstragares in male perch from Lake Molnbyggen was 33%, where:
when 0.05= p = 0.20. none of the male perch from Lake Djuisjdemonstrated such
abnormalities. Of the female perch in Lake Molnbyggen, 4.89%
showed either fin erosion and/or shallow open sores, whic
were not seen in any of the female perch from Lake Djursjo

Body and organ parameters in 1996As documented in ; ; st e
: ; Hpwever, this later difference was not statistically significant
Table 1, in October 1996, no differences between female per .
ne characteristic example of a shallow open sore on a per

from Lakes Djursjo and Molnbyggen with respect to total. ) - S
weight, somatic weight, total length, SCF, somatic growth, or depicted in Fig. 2A. These sores, 3-12 mm in diameter, we

SSI were observed. However, female perch from Lake MOIH-S_lJ"’_IIIy located on the tail, between the anal opening and
byggen were found to have significantly lower LSI (16%) anEflll fin.

GSI (80% decreased) values. The female perch from LakeBlood variables. Of the different blood variables examined
Molnbyggen were also younger and showed a tendepcy ( in female and male perch from Lakes Molnbyggen anc
0.16) toward increased somatic growth. Djursjon, the only significant difference observed was a lowe

RESULTS
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FIG. 2. Characteristic examples of shallow open sores observed on both pencta fluviatilig (A) and roach Rutilus rutilug (B) from Lake Molnbyggen.
These sores, 3-12 mm in diameter, were usually found on the tail between the anal opening and the tail fin.

blood glucose level in the fish from Lake Molnbyggeriemale perch from Lake Djursjp(Table 1). No difference in
(Table 1). GR activity was observed. In the case of male perch, a signi

Xenobiotic-metabolizing enzyme activitiesn female icantly higher hepatic EROD activity was found in the fish
perch from Lake Molnbyggen, the hepatic activities of ERODOtom Lake Molnbyggen, but no differences in GST, GR, or
GST, and catalase were significantly higher than those datalase activity were seen.
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TABLE 2
Parameters Examined in Female Perch (Perca fluviatilis) and Roach (Rutilus rutilus) Caught in Lake Molnbyggen
in October/November 1997 in Comparison to Reference Fish from Lake Djursjon

Perch Roach
Mature (SM) Immature (SIM) All mature
Parameter Lake Djursjm Lake Molnbyggen Lake Djursjo Lake Molnbyggen Lake Djursjo Lake Molnbyggen
Total weight (g) 138+ 5.39 (93) 183+ 32.1 (19) 111+ 18.3 (4) 97.3+ 7.66* (58) 123+ 5.63 (65) 109+ 4.46* (129)
Somatic weight (g) 131 5.12 (93) 175+ 30.7 (19) 111+ 18.2 (4) 96.9+ 7.64* (58) 111+ 5.05 (65) 101+ 4.14 (129)
Total length (mm) 220+ 2.40 (93) 229+ 11.2 (19) 213+ 10.3 (4) 197+ 4.13* (58) 211+ 3.31 (65) 208+ 2.70 (129)
Age (year) 7.3+ 0.20 (93) 7.8+ 0.89 (19) 8.0+ 0.50 (4) 6.1+ 0.27* (58) nd na
Somatic condition factor (%) 1.18 0.0120 (93) 1.22- 0.0369 (19) 1.11 0.0459 (4) 1.15+ 0.0147 (58) 1.13+ 0.0116 (65) 1.05- 0.00817* (129)
Somatic growth (g/year) 18 0.61 (93) 21+ 1.6 (19) 14+ 2.3 (4) 15+ 0.65* (58) na na
Fin erosion and sorég$%) 2.2 (93) 21.0* (19) 0 (4) 37.9* (58) 1.5 (65) 7.0 (129)
Liver—somatic index (%) 1.56 0.0301 (93) 1.43: 0.0775(19) 1.1G- 0.206 (4) 1.32£ 0.0490* (58)  1.55+ 0.0536 (65) 1.43- 0.0397 (98)
Percent of fish sampig%) 95.9 (93) 24.7* (19) 4.1 (4) 75.3* (58) 100 (65) 100 (129)

®The data regarding SM and SIM female perch from Lake Molnbyggen were compared employing the Kruskal-Wallis test and the major differenc
observed examined further using the nonparameteric comparison test of Dunn (1964), with SM female perch from Lakea3jemsjtrol. SIM perch from
Lake Djursjm were not included in this analysis.

® Data on female roach were tested with the Mann—Whitdetgst.

°Means= SE for the values derived from (n) fish.

“na, not analyzed.

® The x* test was used to test for associations. SIM perch from Lake Djumgfre not included in these tests.

* The level of significance in all of these tests was sepat 0.05.

Levels of hydrophobic DNA adductsThe autoradiographic of SM female perch living in Lake Molnbyggen (Table 2). The
pattern of hepatic DNA adducts in perch from both lakegonad of only 24.7% of the female perch in Lake Molnbygger
induced three to five very faint spots, as well as a general weadntained maturing oocytes, i.e., 75.3% of these fish were SIN
shading (not shown). The overall level of hydrophobic DNAn the reference Lake Djurgp 95.9% of the female perch
adducts was low, i.e., close to the background levels obserweere SM and only 4.1% were SIM (< 0.05).
in fish living in pristine waters. There were no significant Since female perch caught in 1996 and 1997 in Lake Moln
differences in the total hepatic adduct levels in female perblyggen tended to be both younger and smaller than tho
from Lakes Molnbyggen and Djurgjo(Table 1). caught in Lake Djursjo, a more detailed analysis of the SIM

Body and organ parameters in 1997As shown in Table 2, female perch from both of these lakes was performed. In Tab
for fish caught in 1997, no differences between SM femafk the SM and SIM female perch caught in Lakes Molnbygge
perch from Lakes Djur$jo and Molnbyggen with respect toand Djursjm in 1997 have been divided into three different age
total weight, somatic weight, total length, age, SCF, soma#&d weight classes. For these classes the proportion of Sl
growth, or LS| were observed. However, the SM female peréamales in Lake Djursjo ranged between 0.0 and 7.7%,
in Lake Molnbyggen demonstrated a significantly lower (17%yhereas in Lake Molnbyggen this frequency ranged betwee
GSI value (Fig. 3). SIM female perch in Lake Molnbygged4.4 and 93.3%( < 0.05 for all age and weight classes). The
were significantly smaller (lower total and somatic weightslpwest proportion (6.7%) of SM female perch in Lake Moln-
shorter, and younger and showed decreased somatic grobyggen was observed in the age class of 6.5-8.5 years. It
compared to SM female perch from Lake Djlirsj(Table 2). also seen that the proportion of SIM female perch has
Furthermore, the SIM female perch from Lake Molnbyggetendency to be slightly lower among older (9.5-14.5 years
had significantly lower LSl and GSI (93% decrease) valu@sd heavier (200-500 g) fish in Lake Molnbyggen. In
(Table 2 and Fig. 3). The combined average value for GSI fummary, in all age and weight classes investigated, a sign
both SM and SIM female perch from Lake Molnbyggen waisantly larger proportion (by a factor of 10 or more) of SIM
73% lower than the corresponding value for Lake Djumsjofemale perch were living in Lake Molnbyggen than in Lake
(compared to 80% lower in 1996). Djursjon.

Both SM and SIM female perch in Lake Molnbyggen dem- No differences in the somatic weight and total length o
onstrated statistically significantly higher frequencies of fifremale roach in Lakes Djurgoand Molnbyggen were ob-
erosion and shallow open sores (21.0 and 37.9%, respectivalgjved. A tendencyp(= 0.12) toward a lower LSI in female
than did female perch from Lake Djuisjd2.2%). The most roach from Lake Molnbyggen was found. Furthermore, femal
pronounced effect observed was the extremely low proportiomach in Lake Molnbyggen demonstrated a significantly de
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FIG. 3. The gonadosomatic index (GSlI) for sexually mature (SM) and sexually immature (SIM) female Berch fluviatili and roach Rutilus rutilug
in Lakes Molnbyggen and Djurgjo All of the female roach caught in both lakes were sexually mature. The data are presented as I8&afws the values
derived fromn fish. The data on SM and SIM female perch from Lake Molnbyggen were compared employing the Kruskal-Wallis test and the major diffel
thus obtained were examined further using the nonparametric comparison test of Dunn (1964), with SM female perch from LakeaBjinesjoontrol. The
data obtained with SIM perch from Lake Djuisjavere not included in this analysis. Data on female roach were compared using the Mann—\Wh#sey The
level of significance in all of these tests was sepat 0.05.

creased total weight and SCF as well as a tendegmey 0.20) both Lakes Djursjo and Molnbyggen contained sexually ma-
toward higher frequencies of fin erosion and shallow opeéuaring oocytes. As was the case for SM female perch in Lak
sores (7.0%) compared to female roach in Lake DjursjdMolnbyggen, female roach in this lake also had a GSI valu
(1.5%) (Table 2). With respect to both size and location, thett®at was lower (23% decrease) than that for female roach
sores were very similar to those seen on perch in Lake Molbake Djursjm (Fig. 3).

byggen (Figs. 2A and B). The gonads of all female roach in The data on male perch and roach caught in 1997 a

TABLE 3
Proportions of Sexually Mature and Sexually Immature Female Perch (Perca fluviatilis) Caught in October/November 1997
in Lake Molnbyggen and in the Reference Lake Djursjon

Lake Djursjm Lake Molnbyggen
Class Subclass Mature (SM) Immature (SIM) Mature (SM) Immature (SIM)
Age (years) 3.5-5% 100 (19) 0.0 (0) 22.9% (11) 77.1* (37)
6.5-8.5 94.8 (55) 5.2 (3) 6.7* (1) 93.3* (14)
9.5-14.5 95.0 (19) 5.0 (1) 50.0% (7) 50.0% (7)
Weight (g) 45-99 92.3 (24) 7.7(2) 15.9* (7) 84.1* (37)
100-199 96.8 (60) 3.2(2) 29.2*(7) 70.8* (17)
200-500 100 (9) 0.0 (0) 55.6* (5) 44.4% (4)

Note.Values are percentages with number of fish in parentheses.

®The x° test was used to analyze for associations between the subclass and proportions of SM and SIM female perch in the two lakes.
*The level of significance was set pt< 0.05.
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TABLE 4
Parameters Examined in Male Perch (Perca fluviatilis) and Roach (Rutilus rutilus) Caught in Lake Molnbyggen
in October/November 1997 in Comparison to Reference Fish from Lake Djursjén

Perch Roach

Parameter Lake Djursjm Lake Molnbyggen Lake Djursjo Lake Molnbyggen
Total weight (g) 96.0x 7.43 (27) 180+ 22.5* (8) 62.0+ 9.48 (8) 63.6+ 9.12 (13)
Somatic weight (g) 90.1 6.98 (27) 172+ 21.3* (8) 59.5+ 9.07 (8) 61.5+ 8.77 (13)
Total length (mm) 196+ 4.54 (27) 238+ 10.0* (8) 174+ 7.04 (8) 178+ 5.21 (13)
Age (year) 7.3+ 0.35(27) 9.1+ 0.60* (8) na na
Somatic condition factor (%) 1.13 0.0150 (27) 1.21+ 0.0395 (8) 1.09+ 0.0271 (8) 1.04+ 0.0236 (13)
Somatic growth (g/year) 13 0.88 (27) 18+ 1.9*(8) na na
Fin erosion and sorég%) 0 (27) 25.0* (8) 0 (8) 0 (13)
Liver—somatic index (%) 0.928 0.0709 (27) 1.22+- 0.118* (8) 1.64+ 0.163 (8) 1.13+ 0.152 (6)

®The data on male perch and roach were analyzed separately using the Mann—Whitsty

® Means+ SE for the values derived from (n) fish.

°na, not analyzed.

4 The x* test was used to test for an association between the lakes of origin and frequency of fin erosion and sores.
* The level of significance in all of these tests was sepat 0.05.

presented in Table 4. Male perch from Lake Molnbyggen we(a = 8) was assayed, no differences were observed (results r
significantly larger (higher total and somatic weights), longeshown). The specific P450arom activity in the gonad was 6.
and older than the male perch in Lake Djlirsj@he somatic and 4.1-fold lower than in the brain of SM female perch in
growth and LSI were higher in male perch from Lake Molntakes Djursjm and Molnbyggen, respectively.

byggen, whereas the GSI was Sig””“’""”?'}’ I_ovyer (24% de'Testosterone and E2 levelsAs shown in Fig. 6, the level
creased) than for male perch from Lake Djursi&ig. 4). Al .of T in the blood plasma of SM perch caught in Lake Moln-

?f E[heseM rr|1ale per:gh I\ivekre l\l;loulng to ha\(/je sexu?ll); rcl;a’Furl iyggen in 1997 was significantly lower than in SM perch in
cantly higher frequencies (25%) of fin erosion andor shallog<® DIUISI?: Furthermore, SIM perch in Lake Molnbyggen
open sores than did male perch from Lake Djins{0.0%). so demonstrated significantly lower levels of T than did SM

In the case of male roach, no differences with respect to to%ﬁmh from Lake Djursjo. The only SIM perch from Lake

; : : ursjon whose blood plasma was analyzed for T had a valu
and somatic weights, total length, or SCF for fish from Lakesllmilar t0 the mean level in SIM perch from Lake Molnbyggen.

Djursjon and Molnbyggen were seen. However, aS|gn|f|cantFy The mean blood level of E2 was lower in SM perch from

lower GSI (19% decrease; see Fig. 4) as well as a tendenc o )
(p = 0.05) toward a lower LSI was found in male roach frorJTgi(e Molnbyggen than from Lake Djufsjo although this

Lake Molnbyggen (Table 4). All of these male roach Wergifference was not statistically significant & 0.10). How-

found to have sexually maturing testes. None of the male roach significantly lower levels of E2 were present in SIM

in Lakes Molnbyggen and Djurgjoexhibited fin erosion or perch from Lake Molnbyggen compared to SM perch in Lake
shallow open sores Djursjon (Fig. 6). The single SIM perch from Lake Djursjo

- . . . . that was analyzed demonstrated an E2 level similar to the me
Aromatase activity. As depicted in Fig. 5, the brain value for SIM perch in Lake Molnbyggen.

P450arom_ac’_uy|ty in SIM female perch from Lak_e Molnbyg- The level of T in the blood plasma of female roach caught i
gen was significantly lower than the corresponding value fer . o
. L ake Molnbyggen in 1997 was significantly lower than the
SM female perch in Lake Djursjp A tendency toward a lower . g .
. . corresponding value for Lake Djuisjo(Table 5). No differ-
P450arom activity could also be seen in SM female perch frogﬁce in the levels of E2 was seen
Lake Molnbyggen, although this difference was not statisti- A ! | \1 h fW Lak M Inb found t
cally significant p = 0.10). Although P450arom activity could S'g%e maleTp;I(_arc drc;rr; a el Ec;/nL yggen was foun 'tf?
be measured in only one SIM female perch from Lal@alve ' : :énfi 1 953” I.T/I_nmo— . c!InlC60+mcr))a2rslgson V}II
Djursjon, this activity was the same as that seen in SIM fema\é%/ul_es O_ 7 T | nmoh ‘ 0 I k) ag_ H0= U.26 MO
perch from Lake Molnbyggen. A tendencgy € 0.07) toward (n = 7) in male perch from Lake Djursjo
lower P450arom activity in the brain of female roach in Lake Chemical analysis of lake sedimentThe total level of the
Molnbyggen compared to Lake Djuisjavas observed (Fig. 4). 15 dominating nonsubstituted three- to six-ringed PAHs an
When the specific P450arom activity in the gonad of SNyzed in lake surface sediment from Lake Molnbyggen was 1.

female perch from Lakes Djurajon = 15) and Molnbyggen pg/g dry wt sediment. The corresponding total level of PAH:
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FIG. 4. The gonadosomatic index (GSI) for male per&teica fluviatili§ and roach Rutilus rutilug from Lakes Molnbyggen and Djursjo The data are
means* SE of the values derived from fish. Male perch and roach were compared using the Mann—Whiineast. *The level of significance was set at
p < 0.05.

in Lake Djursjo was 2.1ug/g dry wt sediment; hence verythis pilot study involved only a small number of fish stored
similar total levels of PAHs were found in Lakes Molnbyggeifrozen and sampled at the end of the summer.
and Djursjm. The individual levels of the 15 PAHs analyzed There was serious local concern about the possibility that tt
were also very similar between the two lakes (results nietakage water from the nearby public refuse dump in Lindbc
shown). darna, Leksand, was exerting toxic effects on the fish in Lak
A total level of 5.8 ng/g dry wt sediment of the six domiMolnbyggen. No industrial activities are or have been locate
nating penta- and hexa- chlorinated PCBs was found in laikethe pristine area surrounding this lake, which is characte
sediment from Lake Molnbyggen. The sediment in Lakged by small hills covered with large forests of pine anc
Djursjon contained a total level of 3.9 ng/g dry wt sediment ofpruce. Lake Djursjo was selected as the reference lake be
the corresponding penta- and hexa-chlorinated PCBs. Vejause of its great similarity to Lake Molnbyggen with respec
similar levels of the six individual penta- and hexa-chlorinate@ parameters including habitat type, water temperature, ar
PCBs analyzed were observed in Lakes Molnbyggen aggry little past or present human encroachment. However, Lal

Djursjon (results not shown). Djursjon is located in another, nearby drainage area that do
not receive leakage water from the public refuse dump.
DISCUSSION In perch caught in Lake Molnbyggen in 1996, very high

frequencies of fin erosion and shallow open sores were seen,

In 19941995 local fishermen began to report that severegll as significantly increased hepatic activities of catalase ar
species of fish in Lake Molnbyggen showed signs of illness. ST in the female fish. However, only a weak significan
limited number of perch and pike from this lake, caught in lat@duction of EROD activity and low levels of DNA adducts
August 1995, demonstrated increased frequencies of fin efoet significant) could be observed in these female and ma
sion and shallow open sores (26.3%) as well as small aperch. The most pronounced effect was the extreme decreast
undeveloped gonads (L. Balk, unpublished data). Howevéhne size of the gonads, especially in the female perch (80%
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FIG. 5. Brain aromatase (P450arom) activity (fmol/min/mg protein) in sexually mature (SM) and sexually immature (SIM) femal®peraHlgviatiliy
and roach Rutilus rutilug from Lakes Molnbyggen and Djursjo All of the female roach caught in both lakes were sexually mature. The data are preser
as meanst SE for the values derived fromfish. SM and SIM female perch from Lake Molnbyggen were compared employing the Kruskal-Wallis test :
the major differences thus indicated were examined further using the nonparametric comparison test of Dunn (1964), with SM female perch frorsjdrake L
as control. SIM perch from Lake Djursjowere not included in this analysis. Female roach were analyzed using the Mann-\Wbiitesy, *The level of
significance in all of these tests was sepat 0.05.

but also in the males (36%). Similarly, female and male perslomatic growth in female perch, as well as significantly in:
inhabiting Swedish coastal waters polluted by BKME andreased somatic growth and a tendency toward lower LSI |
caught in 1984-1985 were also found to have a lower GSI andhle perch caught in 1996. Since the development of sexual
elevated frequencies of eroded and shortened tail fins, perhaggure gonads in both female and male fish is an energ
as a direct consequence of an impairment of the immurequiring process, the increase in somatic growth might thus |
system (Anderssoat al., 1988). However, in this other casea result of energy reserves available related to the lower GS
the effects on GSI were generally less and more pronouncediiiower production of vitellogenin in the liver might explain
male perch. Furthermore, in an investigation of female anlde lower LSI (fewer hepatocytes) in female perch from Lake
male lake whitefish Qoregonus clupeaformjisexposed to Molnbyggen. Vitellogenin is produced by the liver in response
BKME at Jackfish Bay, Lake Superior, Munkittrickt al. to E2, which is in turn synthesized by ovarian follicle cells in
(1992) also reported high frequencies of lateral, elongatadsponse to increased gonadotropin levels in the blood (H
slash-like lesions penetrating the body cavity. Although 20%991; Nagahama, 1994). Oocyte growth in fish involves uptak
of the lake whitefish demonstrated this kind of lesion, thesd circulating vitellogenin, which is then modified and depos-
sores were very different morphologically from those seen ded as yolk in the oocyte (Wallacst al,, 1985). The decrease
both perch and roach in the present study. It should be stresgedlood levels of glucose could also reflect impaired hormone
that BKME are not suspected to be present in the leakage watentrol (Anderssoret al,, 1988).
from the refuse dump, since no pulp and paper mills are locatedl'here were no signs of parasites or of other pathogens in tl
in this part of Sweden. perch studied here. Furthermore, the values for the differel
In Lake Molnbyggen, the decrease in GSI was accompanieldod parameters analyzed indicated that these perch did r
by a significantly lower LSI and a tendency toward increasexliffer from severe infection. However, the involvement of
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FIG. 6. Levels of testosterone and g-estradiol (nmol/L) in the blood plasma of sexually mature (SM) and sexually immature (SIM) female pPerch (
fluviatilis) from Lakes Molnbyggen and Djursjo The data are presented as mearSE of the values derived fromfish. SM and SIM female perch from Lake
Molnbyggen were analyzed employing the Kruskal-Wallis test and the major differences thus indicated examined further by the nonparamesan ¢estpar
of Dunn (1964), with SM female perch from Lake Djuisjas controls. SIM perch from Lake Djufsjavere not included in this analysis. *The level of
significance in all of these tests was sepat 0.05.

infection in some of our findings cannot at present be ruled oMiblnbyggen and Djursjo also confirmed this hypothesis. The

completely. levels of PAHs and PCBs in both lakes were very similar tc
All together, the data from 1996 with comparatively littlewhat recently has been observed in lake sediments from ¢

induction of EROD and low levels of DNA adducts in botlpristine Swedish freshwater lakes (M.d&ostfon and T. Als-

sexes and only female perch demonstrating changes in G&¥g, unpublished data).

and catalase activities also indicated that the perch in LakeToday, EROD induction is an established and sensitiv

Molnbyggen were not exposed to significant levels of welbiological response to and early warning signal for exposure

known environmental pollutants, e.g., PAHs or PCBs. If the

very high frequencies of fin erosion and sores, as well as the

very low GSI observed were due to exposure to PAH and/or TABLE 5

PCB, these biomarkers would most likely have respondedLeveIs ofTestoste_rone an_d 17B-Estrao!iol in the Blood Plasma of

differently and in a more similar manner in both sexes. F&gmale Roach (Rutilus rutilus) Caught in Lakes Molnbyggen and

instance, a strong correlation between adduct levels and fpjgrsion in October/November 1997

level of PAH contamination have been found previously in the

liver of perch caught at different distance from an aluminum steroig Lal((r?chff/JSJm Lake(n'\:lno;}tgggen
smelter on the Swedish Baltic coast (Ericgtml., 1998). Such

graded responses have also been observed in other fish spdeéisesterore 1.3+ 0.11°(15) 0.83= 0.11* (15)
living in PAH-contaminated waters (Colli@t al, 1993; Van 175-Estradiol 8.4+ 0.55 (15) 94 +£0.61(15)

der Oostet _al" :!'994; EUfeml_E’Et al, 1997)' The IOV\_’ Ievels_ Of_ ® Female roach were analyzed employing the Mann—-Whitdegst.
the 15 dominating nonsubstituted PAHs and the six dominating yveans+ SE of the values derived from (n) fish.
penta- and hexa-PCBs analyzed in lake sediments from LakesThe level of significance was set pt< 0.05.
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planar PCBs and several PAHs. EROD induction in the liver e compared to findings on perch in waters outside a pulp ar
female and male perch in Lake Molnbyggen was relativelyaper mill in Sweden during the 1980s. However, in thes
weak, i.e., 1.4- and 2.5-fold, respectively. Female perch fronearlier studies, the effects on male perch were more pr
Swedish lake highly contaminated with PCB demonstrated lavounced and the frequency of SIM female perch was in gener
EROD activity similar to that seen in female perch from auch lower (Sandstro et al, 1988; Sandsiim, 1994). Re-
reference lake (Ftin and Norrgren, 1998). These female perclduced size of the gonad has also been found on lake whitefi
were subsequently found to be nonresponsive to the CYP&Ad white suckerGatostomus commersQmxposed to BKME
inducers PCB 77 ang-naphthoflavone (Ftin and Celander, in Canada (Munkittricket al, 1992; McMasteret al, 1995).
1995). The weak induction of EROD in the perch in Lake Less than 7.8% of the female perch of all ages and weigh
Molnbyggen would seem to indicate that this fish are inde@dught in Lake Djursjo during both 1996 (not shown) and
responsive to EROD-inducing compounds. All of these find-997 were SIM. A certain percentage of female perch witl
ings, in combination with the very low GSI observed in botl$IM or resting gonads appears to be a natural phenomena a
female and male perch from Lake Molnbyggen, indicate thatcurring in waters minimally contaminated by anthropho
these fish are not generally exposed to well-known envirogenic substances. Two important natural factors affecting tt
mental pollutants in the leakage water from the refuse durmequency of SIM female perch (Luksiereal., 2000), includ-
but to an organic pollutant(s) causing severe reproductiurgy the closely related yellow perctirérca flavescengDa-
disorder, possibly as a result of endocrine disruption. browski et al, 1996), have been suggested to be photoperic
One promising biomarker for reproductive disorders is dend temperature. In previous studies, the frequency of Sl
creased aromatase (P450arom) activity (Moebdl, 1993; female perch in minimally contaminated waters in northert
Piferreret al,, 1994). Aromatase is the enzyme complex th&urope has been reported to be 0-3% (Sahastrb994;
catalyzes conversion of C19 androgens into C18 estrogehsksieneet al, 2000), which are in good agreement with our
Brain P450arom activity in teleost fish is exceptionally higpresent findings with respect to Lake Djuisjo
compared to the corresponding activities in rat, mouse, rabbit|t should be pointed out that the normal SCF value an
and hamster (Callard and Pasmanik, 1987). The brain of telesstnatic growth in perch, from both Lakes Djunsjand Moln-
fish has therefore been suggested to be a suitable tissuebigggen in 1996 and 1997, indicated that the adverse effects
studies on P450arom activity (Callard and Pasmanik, 198ygnad development in Lake Molnbyggen are not due to
Callardet al, 1995). Moreover, several imidazole compoundshortage of food, nor could the adverse effects on the gon:
used as potent antifungal agents and fungicides, are potdavelopment simply reflect biased sampling of juvenile, sext
inhibitors of P450arom (Monocet al, 1993). In addition, ally nonmature perch from Lake Molnbyggen since we ob
changes in the levels of steroid hormones involved in reprserved the effects on female perch of all ages and weight
duction, e.g., testosterone andgt&stradiol, have been sug-According to Sandstro et al. (1988), female and male perch
gested to be good predictors of the effects of BKME omm the southwestern Bothnian Sea exceeding 170 and 150 nr
maturity, egg production, and secondary sex characteristicannlength, respectively, are normally sexually mature. The
various species of fish (Munkittric&t al., 1998). perch studied here were larger than this by a good margin.
In order to mechanistically investigate the reproductive dis- Furthermore, both female and male roach caught in Lak
orders observed here and the associated hypothesis that pbtombyggen were found to have lower GSI values than roac
in Lake Molnbyggen are exposed to endocrine-disrupting sub-Lake Djursjm. However, all female roach were found to be
stances, we analyzed the number of sexually mature perchStl. Reduced gonad growth in roach exposed to BKME i
different ages and weights, as well as specific endocrine Bweden was also reported in the earlier study by Sandsto
omarkers, i.e., brain P450arom activity and plasma levels aif (1988). However, no mechanistic explanation for the re
testosterone and Bestradiol. Roach of both sexes and @uced gonad growth was given. A tendency toward highe
limited number of pike and burbot were also included in thisequencies of fin erosion and shallow open sores was also se
analysis. on female roach. These lesions were of the same kind as thc
SM and SIM female and male perch caught in Lake Molrseen on perch from Lake Molnbyggen, suggesting a commc
byggen in 1997 again demonstrated very high frequenciesaafuse.
fin erosion and shallow open sores, similar to the findings in Several female pike and female and male burbot from Lak
1996. However, the most pronounced difference was the é®elnbyggen were also analyzed and found to have high fre
tremely low frequency (25%) of SM female perch in Lakeuencies of fin erosion and sores, as well as very low G¢
Molnbyggen compared to Lake Djuisiq96%). This repro- values, in comparison to control fish from various referenc
ductive disorder must be considered very severe, since thaters (results not shown). These effects were similar to tho
majority (75%) of the female perch in Lake Molnbyggen dobserved in perch and roach from Lake Molnbyggen, sugges
not develop a gonad containing sexually mature oocytes. Ting that most teleost species in Lake Molnbyggen might b
high frequency of SIM female perch and significantly loweexposed and affected in a similar manner. Pulliaietral.
GSI of both SM female and male perch can, in some respedts992) reported high frequencies of SIM burbot in estuaries o
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the northern coast of the Bothnian bay. The cause of ttpsrch in the two lakes and no differences were observe
reproductive disorder is unknown, but environmental pollutegarding P450arom activity and the levels of T and E2 be
ants were considered to be a possible factor in this regard.tween female perch with or without fin erosion and/or sore
In order to determine whether the extremely high frequendsom Lake Molnbyggen (not shown). The high frequency of fin
of SIM female perch found in Lake Molnbyggen might be duerosion and skin lesions is at present assumed to be associe
to a inhibition of P450arom, this enzymatic activity was aswith an impairment of the immune system due to endocrin
sayed in the brain of female perch and roach. Interestingljisruption. Alternative possibilities should however not be
specific P450arom activity in the brain of SIM female perckxcluded. The same tendency toward lower P450arom activi
from Lake Molnbyggen was lower than in SM female perch iand a lower level of T could also be seen in female roach fror
Lake Djursjm. SM female perch in Lake Molnbyggen demiake Molnbyggen. The single male perch caught in Lake
onstrated intermediate P450arom activity, while SIM femalolnbyggen had a much lower plasma level of T than the
perch in both lakes showed similar activities. In addition, theverage value of male perch from Lake Djtirsjdlunkittrick
P450arom activity in the brain of female roach from Laket al. (1992) also found that male lake whitefish exposed t
Molnbyggen also showed a tendency to be lower than in LaBKME demonstrated significantly lower levels of T.
Djursjon. Interestingly, no difference in gonadal P450arom activity ir
These findings indicate that the low frequency of SM femateM female perch from Lakes Molnbyggen and Djursjpas
perch in Lake Molnbyggen might reflect reduced production abserved. Steroid production vitro by ovarian follicles from
E2, perhaps resulting in lowered production of vitellogeninnexposed fish and fish exposed to BKME in Jackfish Bay
and, thus, disrupted development of the oocytes. Indeed, Shdlke Superior, was found to parallel the observed difference
female perch from Lake Molnbyggen had significantly lowen circulating steroid levels, suggesting that alteration of ovat
plasma levels of T and E2 and SM female perch from this sanam steroid production is a major action of BKME (Van Der
water showed a significantly lower T level and a tendendgraaket al,, 1992; McMasteet al,, 1995). In the present study,
toward a lower E2 level in comparison to SM female perctine low levels of T and E2 in blood plasma paralleled the
from Lake Djursjm. Reduced circulating levels of T and E2P450arom activity in brain, suggesting that alteration of steroi
have also been observed in lake whitefish and white suck@opduction in the brain of female perch might be a major actiol
exposed to BKME at Jackfish Bay, Lake Superior, and thesé pollutants in Lake Molnbyggen. In contrast, gonadal
changes were associated with impaired gonadal developmBAbOarom activity did not reflect circulating levels of T
and delayed maturity (Munkittriclet al., 1992; McMasteret and E2.
al., 1995). The influence of the effects observed here on individual fis
McMasteret al. (1995) suggested that downstream disrupvith respect to the entire fish population has not yet bee
tion of pregnenolone formation was responsible for the reducetlidied. However, since we were able to obtain perch
steroid production in the ovarian follicles of fish exposed tdifferent ages from Lake Molnbyggen, the SM female perch i
BKME. The lower levels of E2 observed here in female perdhis lake must still be capable of producing viable offspring
from Lake Molnbyggen could reflect inhibition of P450aron8ince our data indicate that piscivores fish, e.g., pike, burbc
activity in the brain. However, the very low levels of T suggesind, especially, perch, are most strongly affected (compared
that there might be a dysfunction in steroid synthesis sonmeach), both intra- and interspecies competition would appe
where prior to the formation of T and that the lower P450aroto be low. It can therefore be assumed that the offsprin
activities might be due to down-regulation at the mRNA and/@roduced by SM female perch in Lake Molnbyggen have
protein level rather than to inhibition. Indeed, several of thgreater chance to survive than would be the case in most ot
imidazole antifungal agents, which are known inhibitors afaters. Thus, there is no obvious reason to believe that effec
P450arom, are also potent inhibitors of several other steraitithe population level are manifest and/or easily identifiable
synthesizing P450s (Kaet al., 1985; Ayub and Levell, 1987). present. However, the sublethal effects, especially on the c
A key enzyme for the formation of androgens is the microsaulating levels of steroids and gonad development, strong
mal cytochrome P450-dependent monooxygenase-hl? suggest that an irreversible negative impact is being exerted |
droxylase/17,20-lyase (P450d)7enzyme. Rajfeet al. (1986) the future of this ecosystem.
observed that ketoconazole, by inhibition of the P45@& 17 It has been agreed thaAh endocrine disrupter is an exog-
activities, decreased testicular T production in humans. Hoenrous substance that causes adverse health effects in an int
ever, another possible mechanism behind the very low levelsasfianism, or its progeny, consequent to changes in endocrir
T might be an increased metabolism and excretion of T.  functiori (European Commission, 1996). The present study
Very similar patterns of steroids were observed in SIMith a mechanistic approach through a set of various bioma
female perch in both lakes, again indicating that the majority &&rs, documents strong evidence that the fish living in Lak
the female perch in Lake Molnbyggen are arrested in a juvigtolnbyggen are exposed to an unidentified endocrine-disrug
nile, sexually nonmature stage. In addition, there were g substance(s) (EDS(s)), which affects several species of fis
differences in the morphologies of the gonads of SIM femalehe fact that female fish and, in particular, female perch fror
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Lake Molnbyggen are differently and more seriously affected(1984). Aromatase activity in cultured human genital skin fibroblasts
than male fish also provide strong evidence for exposure td- Clin- Endocrinol. Metab59, 665-671.

EDSs. To our knowledge, this novel and important finding @vergineyer, H. U. (1955). Zumessung von katalase-aktitiéa. Biochem.
endocrine disruption in fish exposed to leakage water from et 327,255-258.

public refuse dump has not been reported previously. Bergmeyer, H. U. (1974). Methods of Enzymatic Analysis, Vol. 1. Chemie

. . . Publishers, Weinheim.
Our future studies will include laboratory experiments and N o
Burke, M. D., and Mayer, R.T. (1974). Ethoxyresorufin: Direct fluorimetric

field samphng of fish to _eIUCIdate the_ und_erlyln_g_ mOIFacu'ajr assay of a microsoma@-dealkylation which is preferentially inducible by
mechanism in more detail. Such studies will facilitate identi- 3.methyicholanthrenedrug Metab. Disp2, 583-588.

fication of the EDS(s) present in the leakage water from th@iard, G. v., Petro, z,, Ryan, K. J., and Claiborne, J. B. (1981). Estroge

public refuse dump at Lindbodarna, Leksand. This will, in turn, synthesisn vitro andin vivoiin the brain of a marine teleositiyoxocepha-

allow us to determine how common these kind of endocrine-lus). Gen. Comp. Endocrino#3, 243-255.

disrupting effects on fish in other lakes receiving leakage wateallard, G. V., and Pasmanik, M. (1987). The role of estrogens as a parah

from Swedish refuse dumps might be. mone in brain and pituitar)steroidSSO, 475—-493.

Callard, G. V., Kruger, A., and Betka, M. (1995). The goldfish as a model fo
studying neuroestrogen synthesis, localization, and action in the brain au
visual systemEnviron. Health Perspectl03,51-57.
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Sweden, and the Swedish Environmental Protection Agency (Stockholm). Oiieflavoenzyme glutathione reductase from rat ligeBiol. Chem250,5475-
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