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A kriging interpolation of fish biomarker data was utilized as a novel tool to describe
the ecotoxicological status of a lake polluted by pulp and paper mill effluents. Liver
ethoxyresorufin O-deethylase (EROD) activity, hematol ogical and immunological bio-
markers were studied in juvenile whitefish (Coregonus lavaretus L. s.l.) experimen-
tally exposed for one month to effluents from three pulp and paper mills at southern
Lake Saimaa. In comparison with the reference areas, liver EROD activitiy was 40%—
80% higher in whitefish 3-6 km downstream of one of the mills. Liver EROD was
positively correlated with the effluent tracers, lake-water sodium and conductivity. No
remarkable differences between whitefish from mill and reference sitesin their plasma
immunoglobulin M, blood hemataocrit, hemoglobin, glucose and lactate levels were
observed. Inthisstudy, liver EROD activity in whitefish 3—6 km downstream of one of
the mills in 1996 was 14%—15% of that recorded in 1991, i.e. before introduction of
ECF bleaching and the activated sludge treatment of effluents at the mill in 1992. Our
results are comparable with, and confirm the findings of arelated caging experiment in
1995, indicating adecreased but still continued exposure of thefishto pulp mill effluent
compounds.
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Introduction

Whileinvestigating theimpact of pulp mill efflu-
ents on fish, the liver monooxygenase (MO) ac-
tivity, also known as the mixed function oxygen-
ase (MFO) system, has proved to bethe most con-
sistent biochemical marker of exposure (Owens
1991, Sandstrém 1996). However, the main com-
pounds in pulp mill effluents responsible for in-
duction of the MO activity in fish arelargely un-
known, and may vary from case to case, particu-
larly in cases of modernized millswith elemental
chlorinefree (ECF) and total chlorinefree (TCF)
bleaching (Munkittrick 1994, Hodson 1996). The
liver MO activity isoften measured asethoxyreso-
rufin O-deethylase (EROD) activity. Measure-
ment of EROD activity is a common method to
examinethecatalytic activity of cytochrome P450
1A, animportant MO isoenzyme catalyzing phase
1 reactions of xenobiotic compounds.

In the southern part of Lake Saimaa (southern
Lake Saimaa), liver EROD activities and chloro-
phenolics (CPs) concentrations in fish bile have
been used since the 1980s as biomarkers of expo-
sureto pulp mill effluents (Lindstrom-Seppa and
Oikari 1989, 1990, Oikari & Holmbom 1996, Soi-
masuo et al. 1995, 1998, Petanen et al. 1996, Ka-
relset al. 1998). Southern Lake Saimaa receives
effluents from three pulp, paper and cardboard
mills, located in the towns of Lappeenranta, Jout-
seno and Imatra. To monitor the ecotoxicol ogical
status of the lake we measured biomarker re-
sponses of whitefish caged for one month up-
stream and downstream from the pulp and paper
mills. Caging experiments with whitefish, a na
tive speciesin the study area suffering from pulp
mill effluents, offer a good assay tool for moni-
toring effects of pulp mill effluentson alocal fish
Species.

The aim of this second large scale lake study
wasto compare the biomarker responsesin caged
whitefish with those reported in the earlier stud-
ies at southern Lake Saimaa, and to verify there-
sults of arelated study in 1995 (Soimasuo et al.
1998). Results of the 1995 study showed a de-
creased exposure of fish tothe mill effluents after
the implementation of ECF bleaching and acti-
vated sludge treatment of effluents in the early
1990s (Oikari and Holmbom 1996, Kaplin et al.
1997, Soimasuo et al. 1998). Results, however,
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also revealed large site specific and temporal in-
consistency in the mixing and dispersion of efflu-
ents downstream of two of the mills.

Asanew tool to describethe ecotoxicological
status of the lake we conducted a spatial kriging
interpolation of EROD and bile CPs. Thekriging
interpolation is amethod of estimating the value
of agpatialy distributed variable at agiven point
from known nearby valueswhile applying thein-
terdependence expressed in avariogram (Cressie
1993). The EROD activity and bile CPsin fish at
additional water sampling sites were calculated
with a help of the equation of their relationship
withthe effluent tracer sodium (Na). For thispur-
pose, we made a detailed dilution model of the
pulp mill effluents using sodium asthe (inert) ef-
fluent tracer.

Material and methods

Characteristics of the study area, pulp and
paper mills and effluents

Southern L ake Saimaa (609 km?), isalargeoligo-
trophic lake in SE Finland. It has received efflu-
ents from the forest industry for decades. At the
present time, three pulp, paper and cardboard mills
dischargetheir effluentsinto thelake (Fig. 1). For
this study, the lake areawas divided into five ar-
eas. reference area | (sites R1 and R2), reference
areall (sitesR3, R4 and R5), and the mill effluent
receiving areas A (sitesAl, A2, A3, A4 and A5),
B (sitesB1, B2, B3, B4 and B5) and C (sites C1,
C2, C3 and C4) and the common outfall (site D),
at the River Vuoksi (Fig. 1). The main charge of
water flowsintothelake at Rastinvirta, being prac-
tically the same as the outflow through the River
Vuoksi into the Lake Ladoga, about 550 m? s,
Theretention time of water inthelakeisabout 60
days. A pump station, which displaceswater from
the clean area of Lake Saimaato the watercourse
upstream of mill A, causesanet water flow inthe
subarea A from southwest to northeast. As are-
sult, lake water passes the outlet point of mill A
with a flow of about 40 m?® s%, diluting its efflu-
ents. Thewater flow downstream of mill B ismore
multidirectional, whereas the water flow in the
area close to mill C is strong towards the River
Vuoks (Fig. 1). The three mills studied are re-
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Fig. 1. The research area at the southern Lake Saimaa, SE. Finland with the different subareas: Reference
areas | and Il, the effluent receiving areas A, B and C, and the common outflow D (River Vuoksi). The experi-
mental sites are indicated by black filled dots. Arrows indicate the direction of the water flow in the area.

ferred to as follows. the Kaukas Inc. pulp and
paper mill in Lappeenranta(mill A), the Joutseno
Pulp pulp mill in Joutseno (mill B), and the Stora-
Enso pulp, paper and cardboard mill (mill units
Cl + CIl) in Imatra. Mill C is regarded as one
entity, since the separate mill units have a joint
wastewater treatment plant for their effluents.
Characteristicsof themill processesand effluents
are given in Tables 1 and 2. During the caging
experiment in May—June 1996, all the millswere
under normal operating conditions, i.e. without
prominent (max. 1 day) shutdownsin the produc-
tion of pulp, paper or cardboard.

Lake water quality

In the beginning of the field experimentsin May,
the mean water temperature was around 6.9 °C,
whereas at the end the temperatures close to the
cages (5 m) varied from 10.8 °C at site R4 to
15.1 °C at site C4. Dissolved oxygen within the
experimental sites remained > 8 mg I, only at
site A1 asomewhat lower concentration (6.3 mg
I-Y) was recorded at the end of the caging period.

Concentrations of chlorophenolics (CPs), and
resin acids (RAS) in the lake water at the study

sites were presented earlier in Leppénen et al.
(1998). The concentrations of CPs in the lake
water at the study site were al close to the detec-
tion limit (0.1-1.0 pg I7%). RAs concentrations
varied between 0.6 and 4.6 pg I, with highest
concentrationson locationsR2, A3and B1. There
was no clear distance related decreasein CPsand
RAs concentrationsinthelake water downstream
of the mills.

Effluent tracer

During the time of the study, the lake water and
effluents were assumed to be properly mixed
downstream of the mills because the spring over-
turn (with no thermal stratification) occurred dur-
ing the experimental period. We used sodium as
an effluent tracer because it isinert and the pulp
mill effluents contain, as compared with the lake
water, high concentrationsof it (Table2 and Fig. 2).
Southern Lake Saimaa water sodium contentsin
spring and autumn in 1990, 1991, 1992, 1993,
1994, 1995 and 1996 were all strongly correlated
with one another (Spearman correlation coeffi-
cient; 0.65<r <0.95, p<0.001, 17 <n < 34).
Thisindicatesthat dilution of effluentsinthelake
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Table 1. Characteristics of the pulp and paper mills in the study area at the southern Lake Saimaa.

Mill type/year/production (t y) Effluent treatment/volume (m? d?)
Mill A (pulp, paper and sawmill) Biological:
1996 ECF bleached kraft pulp activated sludge/110 000
Softwood 226 000 (D(Eop)DED)
Hardwood 190 000 (OD(Eo)DepD)
Groundwood 135 000
Paper 391 000
Sawn goods 364 000
1991 Bleached kraft pulp aerated lagoons/135 000
Softwood 115 000 (C,,/Ds;(Eop)DED)
Hardwood 240 000 (Cs/Dgs(E0)D(EpP)D)
Paper 380 700
Sawn goods 355 800
Mill B (pulp) Biological:
1996 Bleached kraft pulp 306 000 (DoO/OD(Ep) D) activated sludge/70 000 Softwood
Hardwood 0
Mill CI + CII (pulp, paper and cardboard) Biological:
1996 Bleached kraft pulp 175 000 (DE(E0)D(Ep)D) activated sludge for pulp Softwood
Hardwood 364 000 (DE(Eop)D(Ep)D) effluents/148 000
Chemi-thermo 43 000 Chemical:
mechanical pulp for paper and cardboard
Kraft pulp 133 000 (unbleached) effluents/50 000
Paper 220 000
Cardboard 688 000

Abbreviations for bleaching sequences are: C = chlorine, D = chlorine dioxide, E = caustic extraction, Eo=
caustic extraction with addition of oxygen, Ep= caustic extraction with addition of peroxide, O = oxygen
delignification, O/O = two-stage oxygen delignification, P = peroxide.

Table 2. Characteristics of effluents from the pulp and paper mills discharging to the southern Lake Saimaa.
The values are averages for May and June 1996, measured daily by the monitoring laboratories of the compa-
nies involved. Chlorophenols, resin and fatty acids and phytosterol results are from Leppénen et al. (1998).

Parameter Mill A Mill B Mills Cl and ClI
1991 1996 1996 1996
Flow (m? d%) 124 000 93 500 57 300 146 700%
49 000»
Suspended solids t d* 9.6 12.7 1.3 3.0
CODtd™? 99.2 56.7 36.3 8.5
BOD, td* 14.3 25 17 6.2
AOX td? 1.7 0.3 0.2 0.5
Chlorophenolics (ug ) 360 8.3 7.6 1.3
Resin acids (ug I) 220 94 559 38
Fatty acids (ug I) 520 383 727 264
Phytosterols (ug I?) n.d. 214 875 68
Na * (mg ) 230 360 470 326
N kg d* 1272 337 320 399
P kg d? 111 24.8 65.7 23.0

3 pulp effluent; ® paper and cardboard effluent; n.d.= not determined
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Fig. 2. The concentration
of sodium (Na*) and the
conductivity of the lake
water at the experimental
sites in May—June 1996.
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hasremained similar over theseyears, implying a
relatively stable dilution history over the 1990s.
First, we assumed that sodium data of the lake
water could be used for making a general model
for the dilution of pulp mill effluents. In order to
make a more detailed dilution model, we con-
ducted an intensive lake water sampling in au-
tumn 1998 in which lake water sodium at 89 dif-
ferent sampling siteswere measured. The sodium
data are means of water column valuesfrom 1 m
to near bottom. Lake water sodium between au-
tumn 1998 and spring 1991, and between autumn
1998 and spring 1996 were also strongly corre-
lated with one another. The Spearman correlations
wereasfollows: 1998vs. 1991, r =0.81, p<0.001,
n=28; 1998 vs. 1996, r = 0.80, p <0.001, n=30.

Caging and sampling of whitefish

On 15 May 1996, immature (1+ year old) hatch-
ery reared whitefish (CoregonuslavaretusL. s.l.)
from the Central Fish Culture and Fisheries Re-
search Station for Eastern Finland in Enonkoski,
were transported (max. 4 h) from the hatchery to
the experimental area in southern Lake Saimaa.
Fish were transported in polyethene bags filled
with water and gaseous O, at ca. 5°C. During
transportation timethe bagswere chilled withice.
Twelvefish(mean+SD.=40.4+10.7and 16.5 £
1.3) were placed in each oval-shaped 250-litre
cage (diameters 50 and 70 cm, height 70 cm) of
steel wire and polyester net construction. The
cages were submerged at the bottom, at a depth
of 4-5m, i.e. into the lower epilimnion layer of
the water column. Two cages per site were used,

W Na

J Conductivity

Conductivity (mS m™)

AREA / SITE

except at sites R1 and B6 (1 cage) and at site R2
(3 cages). The type of coregonid whitefish used
inthe present study isaplankton and seston feeder,
whichiswell able to survivein cagesfor severa
weeks, alowing subchronic experiments to be
made (Oikari and Sillanpéé 1993).

After one month’'s exposure, the cages were
rel ocated and raised to just beneath the water sur-
face, and floated into a400 | tank. The tank with
acage inside was moved gently by the side of an
operating boat, kept fully immersed, and trans-
ferred and winched on board of the research ves-
sel ca. 1020 min. later. Fish wereheld intheim-
mersed cage and sampled one by one. Animals
were immobilized with a blow to the head and
weighed to the nearest 0.1 g. Blood (200-500 pl)
was drawn from the caudal vesselsinto 1 ml hep-
arinized syringes and subsamples were taken for
hemoglobin (Hb) and hematocrit (Hct, centrifuged
immediately for 3 min. at 10 000 rpm) determina-
tions. The remaining blood was centrifuged for
2 min (12 000 rpm) for plasma separation, and
theliver wasdissected free, and bile collected into
Eppendorf tubes. Samples were stored in liquid
nitrogen until analysed. Finally, the fork length
of the fish was measured (1 mm). The condition
factor (CF) wascalculated with theformula: W (g)/
L3 (cm) x 100. The entire sampling procedure for
each fish required approximately 6 min.

Analytical methods

For the preparation of microsomes liver samples
of three fish were combined for one analysis (to-
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tal weight about 0.5 g). Microsome preparation,
measurement of the liver 7-ethoxyresorufin O-
deethylase (EROD) and pentoxyresorufin O-deal -
kylase (PROD) activities and the determination
of the protein concentration of the microsomal
fraction were performed asdescribed earlier (Low-
ry et al. 1951, Burke et al. 1985, Soimasuo €t al.
1998). Positive controls for EROD and PROD
analysis were liver samples from rainbow trout
(Oncorhynchus mykiss) dosed by i.p. injecting
with 50 mg kg B-naphtoflavone (BNF) in corn
oil. The detection limits for EROD and PROD
assays were 0.1 and 0.01 pmol min? mg prot.?,
respectively. The concentration of whitefish plas-
ma immunoglobulin M (IgM) was determined
with the enzyme-linked immunosorbent assay
(ELISA). Antibodiesagainst trout IgM wereused
astrapping and detecting agents as described ear-
lier by Adtonenet al. (1994). Theassay wasstand-
ardized with a known concentration of purified
whitefish IgM. Samplesfor blood glucoseand lac-
tate were immediately mixed with 0.6 M HCIO,
and centrifuged for 2 min. at 12 000 rpm before

freezing. Glucose and lactate were determined
using Boehringer Mannheimtest kits, (GOD-Perid
method 124036 and the L-lactic acid 256 773 UV-
method). Hemoglobin (Hb) was measured spec-
trophotometrically using the cyanmethemoglobin
method.

Statistics

All data were first assessed for normality and
homogeneity of variance. To test which siteswere
significantly different (p < 0.05) from the com-
bined reference sites a non-parametric Kruskal-
Wallis test was used for the monooxygenase ac-
tivities. Log-transformed hematological param-
eterswere compared with one-way ANOV A fol-
lowed by Tukey’s HTD test. Correlations with
two-tailed significance were determined with the
non-parametric Spearman rank correlation coef-
ficient. All statistics were performed with SPSS®
software.
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Kriging interpolation

For a comparison between 1996 and 1991, liver
EROD and bile CPsinfish at the additional water
sampling sites were cal culated with the equation
of their relationship with the lake water sodium.
Thecalculated liver EROD activitiesand bile CPs
in 1991 and 1996 wereinterpol ated with akriging
interpolation (Cressie 1993, Suutari et al. 1999).
Kriging interpolation is a method estimating the
value of aspatialy distributed variable at agiven
point from known nearby values while applying
theinterdependenceexpressed inavariogram. The
interpolation involvesthe construction of aweight-
ed moving average equation including knowledge
of the covariance between the estimation point
and sample pointswithin the range of interaction.
While other lineair unbiased estimators exist, the
kriging method, as a minimum variance estima-
tor minimizes the variance of the estimation er-
rors. It is possible to alow to alter the original
measurements (microscale variation or measure-
ment error) for better smoothing (Suutari et al.
1999). However, in this study the interpolations
were forced to pass through the measured values
at the data points, not just near them. It should be
noticed that kriging, or any other interpolation
method, does not produce reliable estimates at
distant areaswith no data points. Additionally, in
these estimations, the effect of islands was ig-
nored. Kriging interpolations of the spatially dis-
tributed variables EROD and bile CPs of south-
ern Lake Saimaa were performed with Variowin
(2.01) and Surfer (6.03) softwares.

Results
Dilution of effluents at the study sites

Although lake water sodium concentration and
conductivity were highly correlated (Fig. 3), we
used only sodium as effluent tracer, indicating
theoretical dilutions at the study sites (Fig. 2).
When compared with levels of sodium in undi-
luted mill effluents and at the reference sites, the
calculated volume percentages of pulp mill efflu-
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ent at the study areas were respectively: area A:
1.0-1.9 vol.-%; area B: 0.2-1.0 vol.-%; area C:
0.2-1.0.

Liver EROD and PROD activities

The liver PROD activity was measured in order
to get a broader view on the CYP 450 system.
PROD activity is considered as an indicator of
CY P 2B isoenzymesin vertebrates (Stegeman et
al. 1994). Liver EROD as well as PROD activi-
tiesof reference areas| and |1 were combined for
increased statistical power, because reference ar-
eas were not significantly different. In compari-
son to the combined reference areas, significant
differences (p < 0.05) were measured at 5 mill
sites (Fig. 4). The highest EROD and PROD ac-
tivities were found in fish at sites nearest to the
mills A and B and at the common outfall, site D.
In comparison with fish in the combined refer-
encearess, liver EROD and PROD activitieswere
40%-80% and 100%—210% higher, respectively,
in whitefish at these sites (Fig. 4).

Plasma IgM, hematological biomarkers
and condition of the fish

Dataon plasmalgM, blood glucose, hemoglobin
and hematocrit were combined for increased sta-
tistical power, because reference areas were not
significantly different (Table 3). PlasmalgM was
significantly lower in fish at site A2. Plasmalac-
tatein fish at reference sitesR1 and R5, however,
were significantly lower (32% in average) than
that in fish at the reference sites R3 and R4 (p <
0.05). Ascompared with thefish in the combined
reference areas, blood glucose was decreased in
fish at sites A3 and A4, and elevated in those at
site B1. Plasmalactate was decreased fish at sites
A3 and A4 andincreased in those at sites B5, C2,
C3 and C4 as compared with the combined refer-
ences. Blood hemoglobin and hematocrit values
were similar.

The condition factor (CF) and weight of fish
a reference area | (R1 and R2) were lower as
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Fig. 4. Liver monooxygen-
ase (MO) activity (pmol/
min/mg prot) measured as
ethoxyresorufin O-deethy-
lase (EROD) and pentoxy-
resorufin O-dealkylase
(PROD) at the different ex-
perimental sites after 30-
days exposure. The val-
ues are expressed as
means (x SEM). A signifi-
cant difference (p < 0.05)
compared with the mean
value of the combined ref-
erence areas | and Il is in-
dicated with an asterisk
(Kruskal-Wallis test).

Correlations between biomarkers and ef-

fluent trace markers

The Spearman correlation coefficients(r) of liver
EROD activities, bile CPs, |akewater sodium and

Table 3. Plasma IgM, blood chemistry and hematological parameters in whitefish exposed for 30 days to pulp

and paper mill effluents in southern Lake Saimaa.

Parameter/ IgMa Glucose?® Lactate® Hemaoglobin® Hematocrit (%)
Area
Site Mean S.D. Mean S.D. Mean S.D. Mean S.D. Mean S.D.
Ref. | R1 1.63 0.42 23.2 5.6 12.3 11 50.2 5.2 33.2 35
R2 1.21 0.43 NA NA 48.0 9.2 34.2 4.9
Ref. Il R3 1.43 0.50 26.8 7.6 20.3 14 51.9 6.1 34.1 3.1
R4 1.25 0.44 25.1 5.7 21.6 15 49.8 111 33.9 4.8
R5 1.31 0.33 24.4 7.7 16.4 11 52.8 6.1 34.9 3.9
AreaA Al 1.25 0.16 21.5 4.9 17.4 11 54.8 5.3 35.2 4.7
A2 1.13* 0.38 NA NA 53.2 7.5 34.4 2.9
A3 1.43 0.41 17.1* 1.6 13.9* 14 57.8 6.9 354 2.9
Ad 1.46 0.39 20.0* 1.3 15.5* 14 54.9 5.0 34.7 4.1
A5 1.66 0.71 24.0 15 20.7 1.6 53.9 4.9 36.9 4.0
AreaB Bl 1.28 0.43 317 1.2 16.9 14 52.0 5.6 34.4 33
B2 1.49 0.58 24.6 15 16.0 1.2 51.2 5.0 33.2 3.8
B3 1.54 0.45 22.0 14 17.9 11 52.4 53 34.8 2.6
B4 1.24 0.44 235 13 20.7 14 515 5.2 34.3 35
B5 1.35 0.33 27.1 25 27.1* 25 54.7 3.2 36.1 25
B6 1.45 0.44 234 1.8 22.9 2.0 50.2 6.8 33.6 4.7
AreaC C1 1.17 0.32 NA NA 54.1 5.0 35.6 3.2
c2 1.38 0.59 20.6 17 25.6* 21 53.9 5.9 35.7 3.7
Cc3 1.20 0.37 27.0 17 24.3* 1.6 53.0 5.8 35.2 4.2
Cc4 1.40 0.45 27.5 14 24.2* 11 54.4 7.2 36.7 3.4
AreaD D 1.65 0.60 NA NA 54.5 8.1 NA NA

¥ gl P mgl?t; NA = not available ; *= p < 0.05, compared with combined references | and II.
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Fig. 5. Kriging interpolation, given as contours of the liver
EROD activity of whitefish exposed in the receiving wa-
ters of mill A in 1991 (lower) and in the whole southern
Lake Saimaa in 1996 (upper). The grey scales used in
the graph are not comparable in 1996 and 1991.

conductivity between siteswere determined. The
studied parameters correlated significantly with
one another (p < 0.05), only with exception of
EROD vs. hile CPs in 1996 (p = 0.09) (Fig. 3).
Liver EROD activity, bile CPs, the lake water
sodium and conductivity in the subarea A corre-
lated stronger with oneanother in 1991 than 1996
(Fig. 3). Ascompared with conductivity, thelake
water sodium correlated better with liver EROD
activitiesand bile CPs concentrations. The facto-
rial product of the lake water sodium with con-
ductivity did not improve the strength of the cor-
relation with liver EROD nor with bile CPs.

Kriging interpolation of EROD activity and
bile CPs in 1991 and 1996

In order to estimate the area affected toxicologi-
cally by the pulp mill effluents we conducted a

kriging interpolation of EROD activity and bile
CPs. EROD activitiesand bile CPsat 89 siteswere
calculated with the equations of their relationship
with lake water sodium. The equations of these
relationshipsin 1991 were: EROD = 3.066[Na] —
5.804; CPs = 6.914*246Nd: and in 1996: EROD
= 0.387[Na] — 2.338; CPs = 0.067[Na] + 0.003.
The estimated areal distribution of liver EROD
activity and bile CPs of caged whitefish in 1991
(areaA) and 1996 (whole Southern L ake Saimaa)
are shown by a kriging interpolation in Figs. 5
and 6.

Discussion

Dilution of effluents in the different sub-
areas

Because of thelarge study area (thisisthe largest
field experiment of this kind thus far known for
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Fig. 6. Kriging interpolation, given as contours of concen-
trations of chlorophenolics (CPs) in the bile of whitefish
exposed in the receiving waters of mill A in 1991 (lower)
and in the whole southern Lake Saimaa in 1996 (upper).
The grey scales used in the graph are not comparable in
1996 and 1991.

biomarker studies), it isimportant to estimate the
exposure of the caged fish to the mill effluents.
Both ambient water parameters as well as inter-
nal exposure values and responses can be used to
increase the realism of exposure under natural
conditions. According to the effluent trace marker
sodium, a considerably higher dilution of efflu-
ents was measured at areas B and C than in area
A. This indicates a substantially lower potential
exposure of fish to pulp mill effluents discharged
from mills B and C. On the other hand, temporal
variations in effluent dilution and dispersion in
areas B and C make estimates of the real long-
term exposure of the fish less accurate. Thisem-
phasi zes the importance of the experimental cage
locationinrelation tothe effluent plume. Thesites
downstream of mill A, however, show a more
consistent pattern in thisrespect, with effluent di-
lutionstheoretically ranging, from 1.9%at 3.3 km
to 1.0% at 16 km from the effluent source.

Liver monooxygenase activity and bile
conjugates as markers of exposure

Thiswork reportsthe seldom derived geographic
distribution of pollutants effects on alarge lake
system by means of a kriging interpolation. One
of the most consistent effects of pulp mill efflu-
ents, including more modern ECF type of efflu-
ents, on fish isthe induction of the liver CYP1A
MO system (Hodson 1996, Sandstrom 1996).
Whileknown CY P1A inducersare quitetoxic and
may have various effects, the links between in-
duction and its biological consequencesin efflu-
ent exposed fish are not clear (Hodson 1996,
Kloepper-Sams 1996). Similar to thisstudy, liver
MO activity in caged aswell asinferal fish proved
to be the most prominent response to pulp mill
effluentsin earlier studiesat southern Lake Saimaa
(Oikari and Holmbom 1996, Peténen et al. 1996,
Soimasuo et al. 1995, 1998, Lindstrém-Seppaand
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Oikari 1990, Karels et al. 1998, 1999). Despite
many similaritiesin production processes and ef-
fluent treatment (Table 2), the liver MO activity
(measured as EROD/PROD activity) was found
to vary dlightly between the different mill areas.
Asinthe 1995 study, site specific factorslike hy-
drology, effluent dilution and dispersion seemed
to cause these differences. Liver EROD activity
in 1996 was only 14%-49% of that measured in
1991 (Soimasuo et al. 1995), i.e. beforetheintro-
duction of ECF bleaching and activated sludge
treatment at mill A in 1992. The mean level of
EROD activity in whitefish at the samereference
sites in earlier studies at southern Lake Saimaa
(about 4 pmol/min/mg protein) has remained the
same over the years (Soimasuo et al. 1995, 1998,
Peténen et al. 1996).

Previousfield and laboratory studiesreveaed
that bile conjugates of CPsand RAs serve as sen-
sitive indicators of the exposure of fish to pulp
mill effluents, displaying a good relation to the
distance and dilution from the source of effluent
(Oikari and Kunnamo-Ojala 1987, Lindstrom-
Seppa and Oikari 1989, Soderstrém and Wacht-
meister 1991). The introduction of ECF bleach-
ing and activated sludge treatment of effluents,
however, havereduced, indeed almost eliminated,
these compounds in the mill effluents. This re-
sulted in aremarkably lower exposureto CPsand
RAs of fish downstream of the mills (Oikari and
Holmbom 1996, Peténen et al. 1996, Karelset al.
1998, Soimasuo et al. 1998). In this study, tota
CPsin the bile of whitefish varied between 0.03
and 0.83 pg ml-t with aclear distancerelated cor-
relation only downstream of mill A (Leppénen et
al. 1998). The highest concentration was meas-
ured at site A2 (2.1 pug mi). In contrary to bile
CPs, bile concentrations of RAs and FAs did not
correlate with the effluent tracers (Leppanen et
al. 1998). Bile CPsinthisstudy were 99.6% | ower
than those recorded in 1991, i.e. before introduc-
tion of the ECF bleaching processes and the sec-
ondary treatment at mill A, they still showed,
however, amoderate dependence on the distance
tothemill (Soimasuo et al. 1995, L eppédnen et al.
1998).

Liver EROD activity, bile CPs, the lake water
sodium and conductivity in area A correlated
stronger with one another in 1991 than in 1996
(Fig. 4). This was probably caused by the more
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distinct gradient of EROD activitiesand bile CPs
concentrations in fish downstream of the mill in
1991. EROD activity and bile CPs were, respec-
tively, 2—7 and 160-500 times higher in 1991 than
in 1996. Also the use of a non-parametric test in
combinationwith arelatively low number of sam-
pling sites (n = 7) gives a stronger correlationin
1991. PROD activity in 1996 also correl ated well
with the other parameters, respectively with, so-
dium: r = 0.69, p < 0.01; conductivity: r = 0.46,
p <0.05; EROD: r =0.61, p<0.01; bileCPs, r =
0.59, p < 0.05. Despite the significance of most
correlations, alinear relationship seemed to be a
poor model for bile CPs concentrations in 1991.
Anexponential relationship with bile CPsand the
other parametersappearsto fit better thanalineair
relationship (Fig. 3).

In conclusion, the significant positive corre-
lation of the liver MO activity and the bile CPs
with the effluent tracersindicate that theliver MO
induction and the accumulation of CPsin thefish
bile were related to the mill effluents discharged
into thelake. Dilution of the effluents at the study
sitestherefore most likely determined the level of
MO induction and accumulation of CPs in the
exposed fish.

Immunological and other physiological re-
sponses

Several environmental factors have been found
to affect theimmune system of fish, including pulp
and paper mill effluents (Jokinen et al. 1995). In
the present study, no effects on plasmalgM were
seen in fish exposed to pulp and paper mill efflu-
ents. Earlier, in 1991, decreased plasmalgM lev-
elswere observed in whitefish similarly exposed
to effluent of mill A (Soimasuoetal. 1995). How-
ever, therecovery of apparent immunodeficiency
was abolished within one year (i.e. 1993) after
the installation of the secondary treatment sys-
tem (Peténen et al. 1996).

As in 1995 (Soimasuo et al. 1998), plasma
glucose and lactate concentrations were signifi-
cantly changed in severa sites in the pulp and
paper mill subareas. However, similar changes
were also found at some sitesin the reference ar-
eas, implying pollution-unrelated causes e.g. wa
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ter temperature. This suggests that the changed
concentrationsfound inthe subareas B and C were
not related to pulp mill effluent. On the average,
blood glucose or lactate and Hb or Ht indicated
minor or no effects on carbohydrate metabolism
and oxygen transport capacity in fish exposed to
modern ECF type of pulp mill effluents. Overall,
the situation for these parameters is similar and
has stabilized since 1993 for the following years
until 1996.

Conclusions

Theresultsof thisstudy are comparablewith, and
confirmtheresults of arelated caging experiment
in 1995. Higher liver MO activities were meas-
ured downstream of the mills. The general physi-
ological andimmunological parameters measured
showed minor or negligibledifferencesamong the
study sites. When compared with the situation
before the modernization of the mills, the actual
exposure of fish to pulp mill effluents, consider-
ing liver MO activity and bile conjugates asindi-
cators, was low in the present study. However,
liver MO activities and bile CPs in fish down-
stream of the mills were still 1.5-3 fold of those
in the reference fish, indicating a decreased but
till continued exposureto pul p mill effluent com-
pounds. As a new tool to to monitor the ecotoxi-
cological status of alake, akriging interpolation
of fish biomarker data was utilized.
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