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Abstract Since the new millennium, a notion has

developed in certain parts of society that environmental

pollutants and their associated effects are under control.

The primary objective of this investigation, performed in

2003, was to test whether this was actually the case in an

industrialised region in the County of Västernorrland in

northern Sweden with well-documented environmental

pollution from past and present activities. This was per-

formed by measuring a moderate battery of simple bio-

markers in adult female perch at several stations. The point

sources included sewage-treatment plants, pulp and paper

mills, as well as other industries. The biomarkers included

growth, somatic indices, gonad maturation status, gonad

pigmentation, fin erosion, skin ulcers, and ethoxyresorufin-

O-deethylase (EROD) activity in the liver. The results

showed that the environmental pollutants and their asso-

ciated effects were not under control. In fact, the health of

the perch was impaired at all of the polluted stations. Many

responses were unspecific with respect to underlying cause,

whereas some effects on EROD activity and gonad

maturation status were attributed to historical creosote

pollution and current kraft pulp mill effluents, respectively.

The data presented may also be used as reference values for

future investigations of health effects in perch.

The second half of the twentieth century has seen a growing

environmental concern among scientists, natural resource

managers, and decision makers. During this time, much

research and monitoring activities has focused on environ-

mental pollution. One type of environmental monitoring is

biomarker investigations of fish in polluted areas, and

numerous cases have been reported from all over the world

(see e.g., van der Oost et al. 2003 and references therein).

Since the new millennium, however, a notion has developed

in certain parts of society that environmental pollutants and

their associated effects are under control (Forsberg 2009).

To test whether this was actually the case in an industrialised

region in Sweden with well-documented environmental

pollution from past and present activities, we measured

biomarkers in adult female perch (Perca fluviatilis) at sev-

eral locations in 2003. Owing to limited resources, the

investigation was restricted to a few easily measured bio-

markers reflecting the health status of perch. They included

growth, somatic indices, gonad maturation status, gonad

pigmentation, fin erosion, skin ulcers, and ethoxyresorufin-

O-deethylase (EROD) activity in the liver.

The results represent a ‘‘snapshot’’ of the situation in

2003. Information about past and present pollution and

human activities in the investigated areas is given with

some detail to provide a background for the observed

effects on the perch. This background may also be repre-

sentative for the situation in other parts of the industrialised

world. When possible, we have linked observed effects to

certain types of pollution.
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Perch has a long history as being a sentinel species for

anthropogenic pollution (Balk et al. 1996; Sandström et al.

2005; Hansson et al. 2006a; Hanson et al. 2009). It has a

wide distribution in fresh and brackish waters in the

northern hemisphere (Craig 1987) and is relatively easy to

catch. It is large enough for inner organs and blood to be

sampled for physiological and biochemical analysis. It is

also relatively sedentary, which has been explicitly shown

in at least three investigations (Craig 1974; Kipling and Le

Cren 1984; Böhling and Lehtonen 1985). Informative is

also the large number of investigations of perch in pollu-

tion gradients (Andersson et al. 1988; Ericson et al. 1998;

Hansson et al. 2006b; Linderoth et al. 2006) where a gra-

ded response was obtained, which would be impossible if

the perch migrated widely.

The County of Västernorrland, situated at the east coast

of northern Sweden, has an industrial history spanning

more than two centuries. During the nineteenth century,

sawmills dominated the basic industry, but shipyards and

glassworks were also important. At some of the sawmills,

the wood was impregnated. The impregnation agents

consisted of metal salts, creosote, or chlorophenols. Some

of the chlorophenol agents were contaminated by dioxins.

Increased levels of metals, polycyclic aromatic hydrocar-

bons (PAHs), and dioxins are thus encountered at former

impregnation sites. Investigations performed so far have

shown that problems with dioxin pollution at former saw-

mills are both large and resource-consuming with respect

to remediation (Anonymous 2010).

In the beginning of the twentieth century, many saw-

mills struggled with low profitability. As an alternative,

focus was turned to production of cellulose, and the area

experienced a tremendous expansion of pulp mills. The

County of Västernorrland became a centre for cellulose

production, and 30 new pulp mills were established

between 1870 and 1930. A common byproduct of the

sulphite method for pulp production was roasted pyrite ash,

which was often heavily contaminated with metals. Pre-

viously, when the hazardous properties of roasted pyrite

ash were not fully known, it was used i.a. as filling material

(Anonymous 2010).

During the twentieth century, a number of other activi-

ties associated with cellulose production and other energy-

consuming industry were located in the County of Väst-

ernorrland, including board factories, impregnation works,

silicon and aluminium smelters, wiredrawing works, and

production of acetic acid, ammonia, butanol, carbide, chl-

oralkali, chlorate, epoxide, ethyl acetate, nitric acid, sul-

phite alcohol, sulphuric acid, organic chemicals, artificial

silk, explosives, fertilizers, graphite electrodes, mineral

wool, pesticides, plastic, yeast feed, etc. Engineering

workshops were also established to support the network of

process industry. This industrial development has resulted

in numerous polluted sites in the County of Västernorrland.

However, special concern about the environment did not

arise until the early 1960s (Anonymous 2010).

Materials and Methods

Sampling Stations

The investigated stations (Fig. 1; Table 1) are all situated

in the County of Västernorrland in northern Sweden. For-

ests and mountains dominate the area, whereas some

agricultural land surrounds towns and villages.

Bollstafjärden

Bollstafjärden is a bay that falls into the river

Ångermanälven. Station 1-Dynäs upper (Fig. 1) is situated

1.1 km downstream from the sawmill Bollsta sågverk

[Svenska Cellulosa Aktiebolaget (SCA)] and 1.4 km

upstream from the pulp mill Mondi Dynäs AB. In addition

to this, the Malmbergskajen sewage-treatment plant (STP)

has its discharge at this station. Station 2-Dynäs lower

(Fig. 1) is situated 0.4 km downstream from Mondi Dynäs

AB.

Bollsta sågverk had a production of 359,000 m3 wood

products in 2003. Mondi Dynäs AB, which is an integrated

pulp and paper mill, produced 185,220 tonnes of kraft

paper from unbleached kraft pulp in 2003. The Malm-

bergskajen STP has been in operation since 1971 and had a

load of 2250 person equivalents (pe) in 2003. The upper

part of Bollstafjärden is largely polluted with PAHs from

historical activities. Sediment concentrations of 16 PAHs

ranged from \1 to [8000 mg/kg dry substance (Anony-

mous 2009). Some of the highest concentrations were

found directly northwest of station 1-Dynäs upper. The

origin of this pollution is most probably historical wood

impregnation with creosote, which consists of *90 % of

PAHs (Sundström et al. 1986).

Utansjö

Utansjö is a municipality situated on the shore of the lower

part of the river Ångermanälven. Station 3-Utansjö upper

(Fig. 1) is situated right at the southern abutment of the E4

highway bridge Högakustenbron. Station 4-Utansjö middle

(Fig. 1) is situated 0.8 km downstream from 3-Utansjö

upper and directly west of the discharge from the Mörtsal

STP. Station 5-Utansjö lower (Fig. 1) is situated 2.5 km

downstream from 4-Utansjö middle and 0.8 km down-

stream from the pulp mill Utansjö bruk.

The first pulp mill in Utansjö was built in 1900. It was a

sulphite pulp mill, and the capacity was 10,000 tonnes/year,
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which increased to 20,000 tonnes/year in 1919. In 1965, the

process was converted to magnefite (magnesium sulphite).

In the early 1970s, a groundwood mill was established on

the premises with a capacity of 80,000 tonnes of

mechanical wood pulp/year. In 1999, the production was

62,000 tonnes of magnefite pulp and 75,000 tonnes of

mechanical wood pulp (Heinemo 2001). Production con-

tinued until 2008, when the pulp mill was closed down

SWEDEN

1-Dynäs upper
2-Dynäs lower

3-Utansjö upper
4-Utansjö middle

5-Utansjö lower

Härnösand

BALTIC SEA

10 km

Timrå

Sundsvall

7-Skönvik 9-Åstön

8-Sundsvall

6-Vivstavarv

Sundsvallsfjärden

Bollstafjärden

Klingerfjärden

Fig. 1 The investigated stations

in the County of Västernorrland

(Sweden): 1-Dynäs upper,

2-Dynäs lower, 3-Utansjö

upper, 4-Utansjö middle,

5-Utansjö lower, 6-Vivstavarv,

7-Skönvik, 8-Sundsvall,

9-Åstön (reference). The

stations 1-Dynäs upper and

2-Dynäs lower are both situated

in the bay Bollstafjärden.

Arrows indicate the direction of

the current in the river

Ångermanälven. The

investigated area is dominated

by forests and mountains. Some

agricultural land surrounds

towns and villages

Table 1 Stations and number

of sampled adult female perch

a World Geodetic System 1984
b SWEdish REference Frame

1999, Transverse Mercator RH

2000
c Sexually mature (SM) and

sexually immature (SIM)

females specified within

parentheses: (SM?SIM)

Station Coordinates in

WGS 84a
Coordinates in SWEREF

99 TM RH 2000b
No. of

specimensc

1-Dynäs upper 62.98479 N 6986764 N 34

17.69872 E 636738 E (29 ? 5)

2-Dynäs lower 62.97473 N 6985697 N 7

17.72361 E 638046 E (1 ? 6)

3-Utansjö upper 62.79262 N 6965887 N 4

17.93158 E 649506 E (4 ? 0)

4-Utansjö middle 62.78614 N 6965171 N 8

17.93389 E 649657 E (7 ? 1)

5-Utansjö lower 62.76608 N 6962964 N 8

17.94539 E 650346 E (5 ? 3)

6-Vivstavarv 62.49631 N 6931716 N 19

17.37213 E 622200 E (19 ? 0)

7-Skönvik 62.47129 N 6928845 N 15

17.32716 E 619984 E (8 ? 7)

8-Sundsvall 62.39128 N 6919945 N 11

17.33205 E 620558 E (9 ? 2)

9-Åstön (reference) 62.43834 N 6925827 N 27

17.65417 E 636989 E (27 ? 0)
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(Anonymous 2010). The premises also included an indus-

try harbour. Pilot investigations did not find any significant

pollution by roasted pyrite ash in the area (Heinemo 2001).

The Mörtsal STP has been in operation since 1973 and had

a load of 550 pe in 2003. The area also contains much

historical (nineteenth century) pollution from sawmills

(Anonymous 2010) and perhaps also a former (eighteenth

and nineteenth century) ironworks (Heinemo 2001).

Vivstavarv

Vivstavarv is an old industry area situated on the shore of

the bay Klingerfjärden (Baltic Sea). Station 6-Vivstavarv

(Fig. 1) is situated close to the paper mill Wifstavarfs AB,

and the Näs STP has its discharge at this station. In addi-

tion, the former industry area of Fagervik is situated

directly east of 6-Vivstavarv.

Wifstavarfs AB, which was closed down in 2007, pro-

duced paper from pulp received by way of pipeline from

the nearby Östrand pulp mill (SCA) and had a production

of *145,000 tonnes in 2003. The Näs STP has been in

operation since 1972 and had a load of 10,875 pe in 2003.

Station 6-Vivstavarv has a long history of heavy industrial

activity, including shipping, sawmills, and a kraft pulp mill

(Anonymous 2010).

Skönvik

Skönvik is a small inlet of the bay Klingerfjärden (Baltic

Sea). Station 7-Skönvik (Fig. 1) is situated in this inlet,

where the Östrand pulp mill (SCA) has its discharge. The

Östrand pulp mill, which produces bleached kraft pulp and

chemithermomechanical pulp (CTMP), had a production of

395,529 tonnes of bleached kraft pulp and 69,732 tonnes of

CTMP in 2003. Historically, sawmills and a chloralkali

industry have also been located in the Östrand industrial

area (Anonymous 2010).

Sundsvall

Sundsvall is a city with *49,000 inhabitants in 2003. It is

situated on the innermost shore of the bay Sundsvallsfjär-

den (Baltic Sea). The E4 highway passes through the city,

and numerous industries are located on the shore of Sun-

dsvallsfjärden. Station 8-Sundsvall (Fig. 1) is situated close

to the Sundsvall harbour and the Ortviken paper mill

(SCA). The Tivoliverket STP has its discharge directly

west of this station.

The Ortviken sulphite pulp mill was established in 1906

with a capacity of 15,000 tonnes/year. During the 1940s, the

capacity was increased to 45,000 tonnes/year and in 1967 to

90,000 tonnes/year. The pulp mill was closed down in 1984.

A newsprint mill with mechanical wood pulp as a basis was

established on the premises in 1958 and is today, after

several extensions, one of the largest in Europe (Heinemo

2001). The production was 349,189 tonnes of newsprint and

378,046 tonnes of light-weight coated paper in 2003. Pilot

investigations found increased metal concentrations in the

sediment close to the quay, which are suspected to originate

from pollution from roasted pyrite ash (Heinemo 2001). The

Tivoliverket STP has been in operation since 1971 and had a

total load of 63,300 pe (46,300 pe from households and

17,000 pe from industries) in 2003.

Åstön (Reference)

Åstön is an island at the Baltic Sea coast, and station

9-Åstön (Fig. 1) is situated *15 km west-southwest of

6-Vivstavarv in the strait Tynderösundet north of Åstön. It

is a rural area without industries or other point sources of

pollution. 9-Åstön is similar to reference stations in other

investigations of perch with respect to growth (Linderoth

et al. 2006) and somatic indices (Noaksson et al. 2004;

Hansson et al. 2006a; Linderoth et al. 2006). Comparison

of liver ethoxyresorufin-O-deethylase (EROD) activity

with that of fish from reference stations in other investi-

gations was not possible owing to method differences. All

of the adult females at 9-Åstön produced eggs.

Chemicals

Bovine serum albumin (A4378), ethoxyresorufin (E3763),

reduced nicotinamide adenine dinucleotide phosphate

(NADPH, N7505, 98 %), resorufin (R3257), sucrose [pro

analysi (p.a.) grade], and Trizma hydrochloride (T3253) were

purchased from Sigma (St. Louis, MO, USA). Copper sul-

phate (CuSO4, p.a. grade), disodium carbonate (Na2CO3, p.a.

grade), Folin-Ciocalteu’s phenol reagent (1.09001.0500),

potassium sodium tartrate (p.a. grade), and sodium hydroxide

(NaOH, p.a. grade) were purchased from Merck (Darmstadt,

Germany). Oxyletten (oxygen tablets) were purchased from

Hans Brustmann GmbH & Co. KG (Östrich-Winkel,

Germany).

Sampling of Perch

The perch were caught overnight with gill nets (mesh size

30–34 mm) on different occasions during the period

October 12 through November 7, 2003. Surviving speci-

mens were immediately carefully released from the net,

placed in a fish tank with water from the sampling site, and

transported to a storage room. Oxygen tablets (Oxyletten)

were used to ensure sufficient oxygen supply during
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transport. In the storage room, tanks with the perch were

kept at 4 �C during 1–3 days before dissection to allow bile

accumulate in the gall bladder. During this time, a water

pump circulated the water to ensure sufficient oxygen

supply. Dissection and sampling was performed at 4 �C.

The sampling of each specimen was completed before the

next specimen was sampled. The number of specimens is

listed in Table 1. The perch were killed by a blow on the

head after which length, weight, gonad weight, liver

weight, gonad maturation status, gonad pigmentation, fin

erosion, and skin ulcers were recorded. The ulcers were

clearly distinguishable from net injuries and other types of

lesions. To obtain a homogeneous material, only adult

females (211–358 mm) were used in the investigation,

whereby individuals with a maturing gonad were referred

to as sexually mature (SM) and those with a nonmaturing

gonad as sexually immature (SIM). As discussed later in

the text in Gonad Maturation Status, the occurrence of SIM

females that are adult by size is considered unnatural.

Hence, such occurrence is presented here as a biological

effect even when the frequency of SM females did not

differ statistically from that of those from the reference

station. Bile was sampled as described by Pettersson et al.

(2007). For the measurement of liver EROD activity, a

slice (1–1.5 g) from the central part of the liver was dis-

sected, weighed, and snap-frozen in liquid nitrogen. Age

was determined by analysis of the left and right opercular

bones according to the method described by Le Cren

(1947). Somatic growth (SG), somatic condition index

(SCI), gonadosomatic index (GSI), and liver somatic index

(LSI) were calculated for each specimen (Table 2).

Normalisation of GSI and LSI With Respect

to Sampling Date

Noaksson et al. (2004) measured the cyclic variation in GSI

and LSI in perch in a reference lake in central Sweden during 1

entire year. Data from their investigation suggested an almost

linear growth of the gonad in SM females and of the liver in

SM and SIM females during September through November.

Based on these data, the following equations were used to

normalise GSI and LSI with respect to sampling date:

GSInormalised¼GSImeasuredþ 0:0757� DTime SM femalesð Þ
LSInormalised ¼LSImeasuredþ0:0130 � DTime all femalesð Þ:

The unit of time was days, which means that GSI

increased by 0.0757 % units/day and that LSI increased by

0.0130 % units/day. The normalised values corresponded to

the values that would have been obtained if all specimens

were sampled on the same day, which we chose to be

October 28, 2003 (in the middle of our sampling period).

EROD Activity in the Liver

The dissected liver slice was partially thawed, cut into pieces,

and homogenised in four volumes (dilution to 20 %) of

0.25 M sucrose at 0 �C with a 9-mL (size 21) Potter–El-

vehjem homogeniser (VWR International, Stockholm, Swe-

den) using four up and down strokes at 420 revolutions/min.

The homogenate was centrifuged at 90009g at 4 �C for

10 min to obtain an S9 supernatant. Aliquots of the S9

supernatant were transferred to cryotubes, which were snap-

Table 2 Measured variables in

adult female perch

a Normalised with respect to

length
b Somatic weight = total

weight minus gonad weight
c Normalised with respect to

sampling date
d Reported for SM females only

Variable Unit Explanation and/or reference

Length Millimetre Total length (including entire tail fin)

Weight Gram Total weight (including gut contents)

Age Year Determined by analysis of the

left and right opercular bones

according to Le Cren (1947)

Somatic growtha (SG) Gram/year Somatic weightb/age

SCI Usually given without unit 100 9 somatic weight/cubed

length in cubic centimetres

Gonad maturation

status

SM or SIM SIM females are not preparing for

spawning

next year, and GSISIM \ 1.0 %

GSIc,d Percent of somatic weight 100 9 gonad weight/somatic weight

LSIc,d Percent of somatic weight 100 9 liver weight/somatic weight

Specific EROD

activityd in the liver

Picomol per minute and

milligram S9 protein

Burke and Mayer (1974)

Gonad pigmentation Normal, decreased (pale), or

increased

Fin erosion Little–medium (?), medium

(??), or much (???)

Skin ulcers Yes or no
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frozen and stored in liquid nitrogen until measurement. Liver

EROD activity was measured according to the method

described by Burke and Mayer (1974). The formation of

resorufin was measured with a JASCO FP-777 spectroflou-

rometer (Tokyo, Japan) at an excitation wavelength of 530 nm

and an emission wavelength of 583 nm. The samples were

measured in duplicates, and the results were expressed as

pmol resorufin formed/min and mg S9 protein. The S9 protein

concentration was measured in duplicates according to Lowry

et al. (1951) with a Varian Cary 50 UV/Vis Spectrophotom-

eter (Amsterdam, The Netherlands) and with bovine serum

albumin as a standard.

Statistics

A regression model with the stations represented as dummy

variables and with robust variance estimates (Huber 1967;

White 1980, 1982) was fitted to the data for the variables SG,

SCI, GSI, LSI, and EROD activity. Shapiro-Wilk’s normality

test and Bartlett’s test for equal variances, as well as diag-

nostic plots, were used to ensure that the requirements for

normality and homoscedasticity were fulfilled. For GSI, only

SM females were included in the analysis. For SG and EROD

activity, the model was fitted to logarithm-transformed data,

and for LSI the model was fitted to square root-transformed

data. The results were then back-transformed to the original

quantity. For SG, length was included as a covariate in the

model, and the results were reported as predicted values for a

length of 27 cm (the average length of the perch). For LSI

and EROD activity, gonad maturation status (SM/SIM) was

included in the model as a dummy variable, and the results

were reported as predicted values for SM females. For all

variables, each station was compared with 9-Åstön (refer-

ence). The respective means of SG, SCI, GSI, LSI, and

EROD activity were compared with the Wald test, whereas

the proportions of SM females were compared with Fisher’s

exact test. For all variables, significance was determined after

p-value adjustment (not shown) for the number of compari-

sons with the reference station according to Holm (1979). An

adjusted p-value\0.05 was considered significant. The bars

in the figures represent means, and the error bars represent

95 % confidence intervals (CIs). For the proportions of SM

females, exact CIs were calculated according to the binomial

distribution. The software Intercooled Stata 9.2 (StataCorp;

College Station, TX, USA) was used for the analyses.

Results

Bollstafjärden

Station 1-Dynäs upper was characterised by 15 % occurrence

of SIM females (Fig. 6), 30 % decreased GSI in SM females

(Fig. 5), and 80 % increased liver EROD activity (Fig. 4).

Station 2-Dynäs lower was characterised by 22 % decreased

SG (Fig. 2) and an 86 % decrease in the frequency of SM

females (Fig. 6). (Six of the seven specimens were SIM.) The

Dynäs area as a whole was characterised by more fin erosion

than seen at the reference station (Table 3).

Utansjö

Station 3-Utansjö upper was characterised by 30 %

decreased SG (Fig. 2) and 164 % increased liver EROD

activity (Fig. 4). Station 4-Utansjö middle was characterised
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Fig. 2 SG in adult female perch. Predicted values for a length of

27 cm (the average length of the perch). Geometric mean ± 95 % CI.

R reference, * significantly different from reference

Table 3 Results of four investigated variables in adult female perch

Station na LSIb (%) Gonad

pigmentation

Fin

erosion

Skin

ulcers

1-Dynäs upper 34 1.62 ± 0.11 Normal ?? No

2-Dynäs lower 7 1.42 ± 0.21 Normal ?? No

3-Utansjö

upper

4 1.37 ± 0.18 Decreased

(pale)

?? No

4-Utansjö

middle

8 1.51 ± 0.13 Decreased

(pale)

?? No

5-Utansjö

lower

8 1.45 ± 0.23 Decreased

(pale)

?? No

6-Vivstavarv 19 1.55 ± 0.11 Increased ?? Yes

7-Skönvik 15 1.58 ± 0.19 Normal ?? No

8-Sundsvall 11 1.53 ± 0.11 Normal ??? No

9-Åstön

(reference)

27 1.65 ± 0.08 Normal ? No

a Number of specimens
b Predicted values for SM females. Mean ± 95 % CI. LSI did not

differ significantly between any of the stations and the reference
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by 30 % decreased SG (Fig. 2) and a 12 % occurrence of

SIM females (Fig. 6). Station 5-Utansjö lower was charac-

terised by 38 % occurrence of SIM females (Fig. 6). The

Utansjö area as a whole was characterised by 12–19 %

decreased SCI (Fig. 3), pale gonads (Table 3), and more fin

erosion than at the reference station (Table 3). The data

from Utansjö indicated that differences in the biological

effects in the perch were possible to distinguish when the

distance between stations was approximately C1 km.

Vivstavarv

Station 6-Vivstavarv was characterised by 14 % decreased

SG (Fig. 2), 6 % decreased SCI (Fig. 3), 26 % decreased

GSI in SM females (Fig. 5), 46 % decreased liver EROD

activity (Fig. 4), increased gonad pigmentation (Table 3),

and more fin erosion than at the reference station (Table 3).

Moreover, all specimens at 6-Vivstavarv had skin ulcers

with a diameter B1 cm (Table 3).

Skönvik

Station 7-Skönvik was characterised by a 47 % decreased

frequency of SM females (Fig. 6), 41 % decreased GSI in

SM females (Fig. 5), and more fin erosion than at the

reference station (Table 3).

Somatic condition index (SCI)
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Sundsvall

Station 8-Sundsvall was characterised by 26 % decreased

SG (Fig. 2), 8 % decreased SCI (Fig. 3), 18 % occurrence

of SIM females (Fig. 6), 26 % decreased GSI in SM

females (Fig. 5), and much more fin erosion than at the

reference station (Table 3).

Confounding Variables

A difference between SM and SIM females was found for

LSI and EROD activity. On average, LSI was 34 % lower

in SIM females than in SM females, whereas EROD

activity was 57 % higher in SIM than in SM females. For

the other investigated variables, no differences between

SM and SIM females were found. SG was positively

related to length with an increment of *2.6 g/year/cm. By

including gonad maturation status (SM/SIM) and length in

the respective statistical analyses, their confounding effects

were eliminated.

Discussion

Growth and Somatic Indices

SG, SCI, GSI, and LSI are all unspecific biomarkers, giving

an integrated measure of effects of ambient stressors,

which may have occurred in a complex mixture at the

polluted stations in this investigation. The absolute values

of these biomarkers were always lower at the polluted

stations than at the reference station. There was, however,

no particular pattern for those differences that were sta-

tistically significant. Decreased growth and decreased

somatic indices in perch and other fish have been observed

in numerous investigations of effects of environmental

pollutants (see Hansson et al. 2006a; Linderoth et al. 2006

and references therein). In 1998, decreased growth in perch

was observed along a PAH gradient in the Sundsvall area

(Ericson et al. 1998).

Gonad Maturation Status

In this investigation, all females were adult by size and

should produce eggs. This concept is based on investiga-

tions of perch from the 1950s, when the environment as a

whole was less affected by human activities than today. In

the extensive works by Le Cren (1951, 1958) and Alm

(1959), all female perch [19 cm developed eggs. In fact,

background individuals [19 cm not developing eggs

(GSISIM \1.0 %) occur only in more recent investigations

(Sandström 1994; Sandström et al. 1995; Noaksson et al.

2001, 2004, 2005a; Sandström and Neuman 2003; Roots

et al. 2004; Linderoth et al. 2006). The ultimate cause of

this phenomenon is unknown, but it has been linked to

toxic exposure. Increased frequency of SIM females has

been observed for perch exposed to leachate from refuse

dumps (Noaksson et al. 2001, 2004, 2005a) and for

Atlantic croaker exposed to PAHs (naphthalene and water

soluble fractions of diesel fuel oil) in the laboratory

(Thomas and Budiantara 1995). Increased SIM frequency

has also been related to decreased GSI in SM females, i.e.,

when both SM and SIM females were available from the

same site of investigation (Hansson et al. 2006a; Linderoth

et al. 2006).

The increased SIM frequency and decreased GSI in SM

females at stations 2-Dynäs lower and 7-Skönvik are

indicative of a toxic effect. It is noteworthy that these are

the only stations situated close to a kraft pulp mill. Pulp

and paper mill effluents constitute complex mixtures and

may contain compounds with both estrogenic and andro-

genic properties (Ellis et al. 2003; Hewitt et al. 2003;

Svenson and Allard 2004). Certain effects are also termed

‘‘antiestrogenic’’ and ‘‘antiandrogenic,’’ which may or may

not be the opposite to the terms ‘‘androgenic’’ and

‘‘estrogenic,’’ respectively. Antiestrogenic effects on GSI

and plasma estradiol-17b have, in fact, been observed

previously in female perch in the recipients of pulp and

paper mills (Karels et al. 2001). All together, it seems

plausible that the increased SIM frequency and decreased

GSI in SM females at 2-Dynäs lower and 7-Skönvik may

be related to the kraft pulp mills. Effluents from pulp and

paper mills have also been associated with androgenic

effects in fish (see references in Pettersson et al. 2007).

Gonad Pigmentation

The pale gonads, observed at the three Utansjö stations,

probably reflect a toxic effect. A similar decrease in gonad

pigmentation was observed (although not documented) in

several adult female perch from central Stockholm in 2000

and 2001, where the waters were characterised as heavily

polluted by a complex mixture of pollutants (Hansson et al.

2006b; Linderoth et al. 2006). The increased gonad pig-

mentation at station 6-Vivstavarv has not been observed

previously, and, to the best of our knowledge, it has not

been documented in the literature. The phenomenon

requires further investigation, e.g., gonad histology.

Fin Erosion and Skin Ulcers

Fin erosion is defined as the condition where fins are

degraded, frayed, or decreased in size from abrasion, bac-

terial infections, or fin nipping (Latremouille 2003). Fin

necrosis is the process of fins becoming abraded and frayed

by way of infection from a variety of bacteria (Latremouille
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2003). Fin rot is the resultant condition from fin necrosis

(Latremouille 2003). Fin erosion has been linked i.a. to toxic

effects of pulp mill effluents (Lindesjöö and Thulin 1990,

1994) and leachate from refuse dumps (Noaksson et al.

2001, 2005b). It is an unspecific biomarker, probably rep-

resenting an integrated effect, related to, e.g., decreased

condition and/or immunosuppression. The observed fin

erosion indicated impaired health at all of the polluted sta-

tions. The observation of more severe fin erosion at station

8-Sundsvall than at any other station may reflect the fact that

Sundsvall is a relatively large city with many more indus-

tries situated close to this station compared with the other

polluted stations.

Skin ulcers, which are also an unspecific biomarker,

were only observed at station 6-Vivstavarv. It is notewor-

thy that this station is situated in an area with a history of

heavier industrial activity than many of the other polluted

stations.

EROD Activity in the Liver

EROD activity in the liver is a biomarker that responds to

exposure to dioxins and dioxin-like pollutants, such as dib-

enzofurans, certain polychlorinated biphenyls, and many

PAHs (Whyte et al. 2000). The increased liver EROD

activity at station 1-Dynäs upper in Bollstafjärden is most

probably explained by the creosote pollution with particu-

larly high levels close to this station. The bioavailability of

this creosote has been showed in an investigation of DNA

adducts in perch from this part of Bollstafjärden (Ericson

et al. 1999). The increased liver EROD activity at station

3-Utansjö upper may be related to the fact that the area once

hosted plenty of saw mills with or without impregnation.

There is a possibility that old pollution of PAHs and/or

dioxins have become bioavailable during the building of the

abutment of the E4 highway bridge, Högakustenbron, which

was opened for traffic in 1997. Factors affecting the release

and bioavailability of contaminants during sediment-distur-

bance events have been reviewed by Eggleton and Thomas

(2004). The finding that liver EROD levels differed between

stations situated as close to each other as *1 km may be

explained by the fact that the gradient for many PAHs is

exponential near the source (Näf et al. 1992).

The decreased liver EROD activity at station 6-Vivsta-

varv may be explained by the fact that all of these perch

had skin ulcers. Such health-impaired fish most probably

have a disrupted metabolism and thus disrupted responses

to toxicants. As an enzyme activity, EROD activity is

affected by all factors from gene transcription and onwards.

Loss of liver EROD activity in fish with skin ulcers has

also been observed in previous investigations (Lennart

Balk, unpublished observations). Liver EROD activity was

uncorrelated with the other investigated variables.

Bile Metabolites of Xenohormones

Pettersson et al. (2007) analysed bile metabolites of the

xenohormones bisphenol A and nonylphenol in specimens

from Bollstafjärden and Utansjö. These xenoestrogens

have often been found in the effluents of STPs (see refer-

ences in Pettersson et al. 2007). Hence, the fact that the bile

concentrations of bisphenol A and nonylphenol in the

Utansjö area were highest at the station closest to the local

STP supports the hypothesis that these substances were

discharged from the STP. However, no corresponding

pattern was observed for the Dynäs stations.

Physicochemical Properties of the Water

The salinity gradient ranged from practically 0 in the river

Ångermanälven to *4.9 at the Baltic Sea coast. It is

unlikely that the differences in salinity between the stations

would have had any significant effect on the investigated

variables because it has been shown that perch maintains

homeostasis up to a salinity of the surrounding water of at

least ten (Lutz 1972). For other physicochemical proper-

ties, such as temperature and oxygen concentration, the

variation was too small to significantly affect the investi-

gated biomarkers.

Societal Significance

Recent decades have seen an increased interest in the

remediation of polluted areas in many parts of the indus-

trialised world, including Sweden. In many countries, the

shortage of land available for development has accentuated

the need to recapture infrastructural values often associated

with former industrial areas. Such infrastructural values

include (1) costly investments in water and sewage sys-

tems, roads, electricity, and harbours; and (2) proximity to

public services. In other instances, remnants of previous

industrial activity may block the use of these areas for other

purposes or blight otherwise attractive areas, such as

waterfront properties (Heinemo 2001). The present inves-

tigation shows that even a moderate battery of relatively

simple biomarkers may be sufficient to discover biological

effects that are probably caused by environmental pollu-

tion. This may be important to authorities responsible for

the remediation of polluted areas because they often have

limited resources for environmental monitoring.

Effects of pulp mill effluents on fish reported from the

1980s and earlier, when elementary chlorine bleaching was

common, may not be fully comparable with effects

observed in the 2000s because many pulping processes

have been modified to meet environmental and other new

requirements.
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Conclusion

The primary objective of this investigation was to test

whether environmental pollutants and their associated

effects were under control in an industrialised region in

Sweden with well-documented environmental pollution

from past and present activities. This was determined by

measuring biomarkers in adult female perch at several

stations in 2003. The results showed that the environmental

pollutants and their associated effects were not under

control. In fact, the health of the perch was impaired at all

of the polluted stations compared with the reference sta-

tion. Many responses were unspecific with respect to

underlying cause(s), whereas some effects on EROD

activity and gonad maturation status were attributed to

historical creosote pollution and current kraft pulp mill

effluents, respectively. Accordingly, even a moderate bat-

tery of relatively simple biomarkers may be sufficient to

discover biological effects that are probably caused by

environmental pollution. This may be important to

authorities responsible for the remediation of polluted areas

because they often have limited resources for environ-

mental monitoring. The data presented here may also be

used as reference values for future investigations of health

effects in perch.
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Västernorrlands län, Härnösand
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