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ABSTRACT

In this study, we report the changes in the water quality and fish com-
munity of a large boreal lake (Lake Pyhaselkd, Finland) in 1975-2005,
when the lake was affected first by industrial and municipal sewage dis-
charge and then by rising water temperatures. In the 1980s, the lake’s
trophic state proceeded from oligotrophic to mesotrophic, which favoured
cyprinids. The increased cyprinid density strengthened the competition
pressure on perch (Perca fluviatilis) reducing the growth rates of young
perch. The lake’s trophic state shifted from mesotrophic back to olig-
otrophic in the 1990s as a result of effective treatment of sewage waters.
The water temperature in Lake Pyhaselka rose from the beginning to the
end of the monitoring period. The higher temperature favoured perch. In
future, the warming may benefit pikeperch (Sander lucioperca) even more
than perch. This will probably affect the perch population, as pikeperch
prey effectively on perch.

RESUME

Changements a long terme dans la qualité de I'eau et la communauté piscicole d’un grand
lac boréal affecté par le réchauffement des eaux et les déversements d’effluents riches
en nutriments — avec I'accent mis sur la perche

Mots-clés :
eutrophication,
poisson,

lac,
réchauffement
global,

effluent

de papeterie

Dans cette étude, nous rendons compte des changements dans la qualité des
eaux et la communauté piscicole d’un grand lac boréal (Lac Pyhaselka, Finlande)
de 1975 a 2005, quand le lac a été affecté par des effluents industriels et domes-
tiques et par le réchauffement des eaux. Dans les années 1980, le statut trophique
est passé d’oligotrophique a mésotrophique, ce qui favorise les cyprinidés. La
densité accrue des cyprinidés a augmenté la pression de compétition sur la perche
(Perca fluviatilis) réduisant le taux de croissance des jeunes perches. Le statut tro-
phique du lac est retourné de mésotrophique a oligotrophique dans les années
1990 suite au traitement effectif des effluents industriels et domestiques. La tem-
pérature des eaux du lac Pyhdselkd a augmenté du début a la fin de la période de
suivi. Les températures plus fortes favorisent la perche. Dans le futur, le réchauf-
fement devrait bénéficier plus au sandre (Sander lucioperca) qu’a la perche. Cela
affectera probablement la population de perches, puisque la perche est une proie
du sandre.
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INTRODUCTION

The fish communities of freshwater lakes are modified first by the lake’s trophic status and
water temperature on the larger spatial and temporal scale and second by biotic interactions
within and between different trophic levels. In general, fish biomass is positively related to lake
productivity (Persson et al., 1991; Helminen et al., 2000; Olin et al., 2002) and water tempera-
ture (Lappalainen and Lehtonen, 1997). However, the response of fish populations to changes
in lake productivity and temperature depends on the species. In the boreal region, eutroph-
ication benefits cyprinids, such as roach (Rutilus rutilus), more than percids, such as perch
(Perca fluviatilis) (Olin et al., 2002), and rising water temperature especially favours cool and
warm water species (Lappalainen and Lehtonen, 1997), such as bream (Abramis brama) and
pikeperch (Sander Iucioperca), rather than cold water species, such as whitefish (Coregonus
lavaretus). Moreover, the effects arising from the lake’s productivity and water temperature
are related to many geographical and physicochemical factors, including the length of the
ice cover period (Gyllstrdm et al., 2005) as well as the lake’s size and the transparency of its
surface water (Olden et al., 2006). Overall annual variations in the fish community tend to be
lower in lakes with low water transparency, both in eutrophic and in oligotrophic lakes (Olden
et al., 2006). In general, high habitat complexity and large size of a lake reduce competi-
tion and overlap in resource utilization among fish (MacLean and Magnuson, 1977; Horppila
et al., 2000). The effects of fluctuating temperature on the intra- and interspecific relation-
ships between fish (Schlosser et al., 2000) are especially strong if the overall niche space of
the species is narrow — as is the case in many northern latitude lakes (Jansen and Hesslein,
2004; Lappalainen and Soininen, 2006).

Nowadays, the aquatic environment is seriously affected by two fundamental impacts: global
warming and eutrophication. The effects of warming and eutrophication on the physical,
chemical and biological characteristics of waters may be either straightforward or synergetic
(see e.g., Schindler, 1997). In boreal freshwaters, warming is expected to shift the structure
of fish communities towards percid and cyprinid dominance at the expense of salmonids
(Lehtonen, 1996). Warming will benefit especially perch (Perca fluviatilis), pikeperch (Sander
lucioperca) and bream (Abramis brama) (Lehtonen and Lappalainen, 1995; Lappalainen and
Lehtonen, 1997). Paper and pulp mill effluents cause eutrophication in the receiving water
bodies (Huuskonen et al., 2000; Karels and Niemi, 2002). In Finland, the abundance of many
salmonids and other fish species that are sensitive to pollution, mainly because they require
a high concentration of dissolved oxygen in the water, has been found to decrease in waters
altered by the effluents from paper and pulp mills (Bagge and Hakkari, 1992; Hakkari, 1992;
Hakkari and Bagge, 1992; Karels and Niemi, 2002). On the other hand, total fish biomass is
usually higher in the vicinity of the mills (Hakkari, 1992; Karels and Niemi, 2002) as a conse-
quence of increased primary production. Perch and roach are the predominant fish species in
most Finnish lakes (Tammi et al., 2003). Perch is affected by paper and pulp mill effluents more
than the cyprinid roach, mainly because its reproduction is physiologically more sensitive to
toxicants (Karels et al., 2001).

In this study, we report long-term changes in the physical, chemical and biological water
quality parameters and the fish community of a large boreal lake affected by the nutrient-
rich sewage discharge from a large pulp mill and a medium-sized Finnish town. We integrate
the changes in water quality with the biotic interactions among fish, with a special focus on
the most abundant species, i.e. perch, and discuss the role of fundamental processes such
as the global warming in the changes monitored during four decades. More precisely, the
following questions are addressed: (1) how did the fish community respond to the increased
productivity of Lake Pyhaselkd in the 1980s and (2) how did the fish community respond
to the increased water temperature of the lake from the late 1990s to the early 2000s? We
hypothesise that the higher nutrient input into the lake favoured cyprinids more than percids
and the higher temperature favoured percids more than cyprinids.
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Figure 1

Location of four sampling sites in Lake Pyhdselkd (62°20°-62°40°N, 29°33’-29°56°E), Finland. The three
sites affected by sewage discharge from a pulp mill and the town of Joensuu are indicated as follows:
A1 = Jokisuu, A2 = Noljakansaaret and A3 = Yldmylly. The reference site (Pyh&saari) is indicated by R.

Figure 1

Localisation des quatre sites d’échantillonnage dans le lac Pyhaselka (62°20°-62°40’N, 29°33'-29°56’E),
Finlande. Les trois sites affectés par les décharges d’effluents de station d’épuration d’une papeterie et
de la ville de Joensuu sont indiqués comme suit : A1 = Jokisuu, A2 = Noljakansaaret et A3 = Ylamylly.
Le site de référence (Pyhasaari) est indiqué par R.

MATERIALS AND METHODS
>STUDY SITE

Lake Pyhaselki is situated in the boreal zone in eastern Finland (62°20-62°40’N, 29°33’-
29°56°E) (Figure 1). It is a large (area 263 km?, volume 2.5 km?3), humic lake with a mean
depth of 9 m and maximum depth of 67 m. The lake is open with only five larger islands (area
> 1 km?). It has a drainage basin of 24 340 km?. The water of Lake Pyhé&selki is slightly acidic
(average pH 6.4 in 2008) and brown (average colour of the water 90 mg Pt-L~" in 2008) with
a theoretical retention time of 3.5 months. The River Pielisjoki (mean discharge 228 m3.s~1)
flows into the northern part of Lake Pyhé&selk3, affecting its physical and chemical features.
Through the river Lake Pyhaselka receives pulp mill effluents from one of the largest pulp
mills in the world, Enocell, which has produced pulp since 1967, and municipal sewage from
the town of Joensuu, which at the end of 2004 had approx. 53 000 inhabitants. The amount
of sewage discharge, including nutrients, from the pulp mill increased towards the end of the
1980’s and reached its highest level in 1987. The pulp mill was modernised in 1992 and, since
then, it has effectively treated its own effluents. The waste waters from the town of Joensuu
have been treated mechanically, biologically and chemically by a treatment plant located in
the vicinity of the outlet of the River Pielisjoki since 1975. The treatment plant was modernised
in 1987. At present, the nutrient concentrations in Lake Pyhaselkd are low (average total
phosphorus 11 ug-L~" and total nitrogen 460 ug-L~" in 2008), indicating oligotrophy (Figure 2).
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Figure 2

Physicochemical (total phosphorus concentration, temperature, colour and Secchi depth) and biological
(chlorophyll a concentration and primary production of phytoplankton and bacteria) water quality param-
eters monitored at a depth of 1 m in Lake Pyhéselkéd from 1975 to 2005. The parameters monitored in
the area affected by sewage discharge from a pulp mill and the town of Joensuu are indicated by red
symbols and a line. The parameters monitored in the reference area are indicated by green symbols and
a line.

Figure 2

Parametres physico-chimiques (concentration en phosphore total, température, couleur, profondeur du
Secchi) et biologiques (concentration en chlorophylle a, et production du phytoplancton et des bacté-
ries) suivis a une profondeur de 1 m dans le lac Pyhaselka de 1975 a 2005. Les parametres suivis dans
la zone affectée par les effluents de papeterie et de la ville de Joensuu sont en symboles et ligne rouges,
ceux de la zone de référence en symboles et ligne verts.
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From the 1970s to the present, the average surface water temperature in summer (July-
August) in Lake Pyhédselka has showed a clear rising trend (Figure 2). The lake is covered by
ice approximately 180 days a year~', from December to May. During the ice-cover period in
winter the water temperature in the lake’s surface layer is constantly 0-1 °C, whereas at the
greatest depths the temperature is c. 4 °C.

Physical and chemical (Secchi depth, temperature, total nitrogen concentration, total phos-
phorus concentration and colour) and biological (chlorophyll a concentration, primary produc-
tion of phytoplankton and bacteria) water quality parameters and fish have been monitored in
Lake Pyhaselka i.e. in the recipient area of industrial and municipal sewage, from the 1970s
to the present. Water samples have been taken at two sites, Noljakansaaret (maximum depth
11 m) and Pyhésaari (51 m), several times each year in July and August. The samples have
been analysed according to the following standards: SFS-EN-ISO 11905-1 (total nitrogen),
withdrawn SFS 3026 (total phosphorus), SFS-EN ISO 7887 (colour), SFS 5772 (chlorophyll a)
and SFS 3049 (primary production). Noljakansaaret is situated in the northern part of the lake,
which is affected by the sewage discharge from the Enocell pulp mill and the town of Joensuu
through the River Pielisjoki (Figure 1). The reference site, Pyhasaari, is situated in the south-
ern part of the lake about 9 km from the outlet of the River Pielisjoki (Figure 1). Fish samples
have been taken with benthic and pelagic gillnets at four sites in Lake Pyhaselkd approxi-
mately every third year in May and June since 1978. Three of the sampling sites, Jokisuu,
Noljakansaaret and Ylamylly, are situated in the affected, northern part of the lake, and the
reference site, Pyhadsaari, is in the southern part of the lake (Figure 1). Two types of gillnets
have been used as sampling gears; a benthic gillnet series (eight 30 x 1.5 m nets per series
with mesh sizes 12, 15, 20, 25, 35, 45, 55 and 75 mm from knot to knot) in 1978-1995 and a
benthic/pelagic multimesh gillnet (nine 3.3 x 1.5 m panels per net with mesh sizes 10, 12, 15,
20, 25, 30, 35, 45 and 55 mm from knot to knot) in 1998-2005. At all four sampling sites in
1978-2005, the gilinets were placed in the areas where the water depth was less than 13 m.
The number of gilinets at each site and in each year varied from 8 to 24, and the total num-
ber of gillnet nights was 612. For the present study, all the gilinet catches were converted
to correspond to gillnet series catches using the regression model y = 8 x (0.021 + 0.695x),
where y is the gillnet series catch and x is the multimesh gillnet catch, in order to simplify
comparisons between the fish catches of different years. The regression model is based on
a test fishing carried out to compare the catches of the two gillnet types in Lake Pohjalampi,
eastern Finland in 1995 (own unpublished data). The net selectivity and catchability of the
gilinet series in the sampling of perch and roach do not differ from those of the multimesh
gilinet (Kurkilahti and Rask, 1996).

At the laboratory the fish in each gillnet were identified to determine species, and their fresh
mass (FM) was weighed. The perch caught in 1983, 1986, 1989, 1992, 1998 and 2005 were
also measured for total length (TL). Condition factors (Bolger and Connolly, 1989) were calcu-
lated for them employing the formula:

FM
K =100 x 715

where K is the condition factor, FM is fresh mass (g), TL is total length (cm) and b is the
slope of the linear regression between log{oFM and logqoTL fitted to the data pooled over
the sampling sites and the years of sampling. In addition to the condition factors the back-
calculated lengths at age-1 were also calculated for the perch caught in 1983, 1986, 1989
and 1992. The perch were aged from their scales. Two-way analysis of variance (two-way
ANOVA) was used to test differences in the condition factors of the perch across the four
sampling sites (three northern, affected sites: Jokisuu, Noljakansaaret and Ylamylly and one
southern, reference site: Pyhdsaari) and the years of sampling (1983, 1986, 1989, 1992, 1998
and 2005). The sampling site and year of sampling were used as fixed factors in the ANOVA.
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If the effect of sampling site or year of sampling on the condition factors was statistically
significant (P < 0.05), a post hoc test (Tukey’s HSD test) was conducted. Perch feed mainly
on zooplankton in early life and then switch to zoobenthos and eventually to fish (ontogenetic
niche shifts) (Hjelm et al., 2000). For this reason, the ANOVA was performed separately for the
“zooplanktivorous” (TL < 13 cm), “omnivorous” (TL 13-18 cm) and “piscivorous” (TL > 18 cm)
perch. In this context, zooplanktivorous refers to the perch individuals that feed mainly on
zooplankton, omnivorous to the perch that feed on zooplankton, zoobenthos and fish and
piscivorous to the perch that feed mainly on fish (Horppila et al., 2000; Holopainen et al.,
2008). Univariate analysis of covariance (ANCOVA) was used to test differences in the lengths
at age-1 of the perch caught in 1983, 1986, 1989 and 1992 (n = 693) across the years of
hatching (1977-1989) and sampling sites (Jokisuu, Noljakansaaret, Ylamylly and Pyh&saari).
The sampling site and year of hatching were used as fixed factors and the age of perch as a
covariate in the ANCOVA. Perch younger than 2+ and older than 9+ years old were excluded
from the analysis. When necessary, the dependent variables (the condition factors and lengths
at age-1) were logg-transformed to meet the assumptions of ANOVA and ANCOVA.

RESULTS

The annual mean concentrations of chlorophyll a and total phosphorus in summer (July—
August) were both higher in the northern part of Lake Pyhaselk3, i.e. in the affected area
(the sampling site Noljakansaaret), than in the southern reference area (Pyhésaari) (Figure 2,
Table I). The mean primary production of phytoplankton and bacteria was also higher in the
affected area than in the reference area (Figure 2, Table ). The mean concentration of to-
tal nitrogen was higher in the reference area than in the affected area (Table I). The water
colour was lower and the Secchi depth higher in the reference area than in the affected area,
indicating clearer surface water in the reference area (Figure 2, Table I). The highest annual
values of total phosphorus concentration, chlorophyll a concentration and primary production
of phytoplankton and bacteria were observed in the late 1970s and 1980s (Figure 2). These
parameters indicate the overall trophic status of the lake (Huovinen et al., 1993; Mononen
and Niinioja, 1993; Pietildinen and Niinioja, 2000). The annual mean surface water tempera-
ture (sampling depth 1 m) in summer (July-August) showed an increasing trend, both in the
northern and in the southern part of Lake Pyhaselk& during the monitored period from 1975
to the present (Figure 2). No difference in temperature between the affected sampling site,
Noljakansaaret, and the reference sampling site, Pyh&saari, was found (Table ).

Perch and roach were the most abundant fish species in the gillnet catch (Table Il). The propor-
tion of perch in the total gillnet catch biomass was 47% in the affected area (the sampling sites
Jokisuu, Noljakansaaret and Ylamylly) and 59% in the reference area (Pyh&saari). The propor-
tion of roach in the total catch biomass was 26% in the affected area and 12% in the reference
area. The mean catch-per-unit-effort (CPUE; kg gillnet-series™'-night~") of cyprinids, includ-
ing roach, dace (Leuciscus leuciscus), bream, bleak (Alburnus alburnus), silver bream (Blicca
bjoerkna) and ide (Leuciscus idus), was higher in the affected area than in the reference area
(Table I). The CPUE of cyprinids was positively related to the concentration of chlorophyll a
(Figure 3). The best-fit relationship between the CPUE of cyprinids and the chlorophyll a con-
centration was the linear regression: y = 0.329x — 0.143 (F1,70 = 4.085, P < 0.05), where y is
the CPUE of cyprinids pooled over the four sampling sites (the three affected sites and the
reference site) and x is the 3rd order moving average of the yearly means of the chlorophyll a
values (Figure 3). The mean CPUE of percids, including perch, ruffe (Gymnocephalus cernuus)
and pikeperch, did not differ between the affected and the reference area (Table |). In the data

03p6



A. Voutilainen and H. Huuskonen: Knowl. Managt. Aquatic Ecosyst. (2010) 397, 03

Table |

Mean + SD chlorophyll a concentration (ug-L™"), water colour (mg Pt-L™"), primary production of phy-
toplankton and bacteria (mg C-m~3.d~"), Secchi depth (m), temperature (°C) of surface water (sampling
depth 1 m), total nitrogen concentration (ug-L™"), total phosphorus concentration (ug-L~') and catch-
per-unit-effort (CPUE; kg gillnet-series™'-night™") of percids and cyprinids in the area affected by the
nutrient-rich sewage discharge from a pulp mill and the town of Joensuu and the reference area in
Lake Pyhéselkd in 1975-2005. The water temperature and primary production were measured several
times every year in July and August. The gillnet fishing was carried out approximately every third year in
May and June in 1978-2005. Paired samples t-tests were performed for the variables listed in the table
below between the affected and reference area. Statistical differences are indicated as follows: ns =
non-significant, * = P < 0.05, ** = P < 0.01 and *** P < 0.001.

Tableau |

Moyennes + SD des concentrations en chlorophylle a (ug-L™"), couleur de I’eau (mg Pt-L~"), production
du phytoplancton et des bactéries (mg C-m=3-d™"), profondeur du Secchi (m), température (°C) de I'eau
en surface (profondeur d’échantillonnage & 1 m), concentration en azote total (ug-L~"), concentration
en phosphore total (ug-L™") et captures par unité d’effort (CPUE ; kg série de filets™'-nuit™') de percidés
et cyprinidés dans la zone affectée par les effluents de papeterie et de la ville de Joensuu et dans la
zone de référence dans le lac Pyhéselkda de 1975 a 2005. La température de I’eau et la production
primaire ont été mesurées plusieurs fois chaque année en juillet et aolt. La péche aux filets maillants a
été faite environ tous les trois ans en mai et juin de 1978 a 2005. Les tests t pour échantillons appariés
ont été réalisés sur les variables listées dans la table ci-dessous entre les zones impactées et celle de
référence. Les différences sont indiquées comme suit : ns = non significatif, * = P < 0,05; ™ = P < 0,01
et ™ P < 0,001.

Chlorophyll a 6.7 2.1 4.7 1.2 e
Colour 70 15 66 11 *
Primary production 114 59 87 44 o
Secchi depth 2.1 0.3 2.4 0.4 B
Temperature 17.9 1.3 17.7 1.5 ns
Total nitrogen 414 47 440 75 *
Total phosphorus 15 4 13 3 e
CPUE of percids 2.802 | 2.002 | 4.058 | 4.651 ns
CPUE of cyprinids | 2.012 | 2.001 | 0.873 | 0.893 *

pooled over the sampling sites, the CPUE of percids was positively related to water tem-
perature (Figure 3). The best-fit relationship between the CPUE of percids and surface water
temperature was the exponential function: y = 0.004 x 3% (F; g5 = 14.075, P < 0.001),
where y is the CPUE of percids pooled over the four sampling sites and x is the 3rd order mov-
ing average of the yearly means of the water temperature values (Figure 3). The mean CPUE
of salmonids was very low, both in the affected area (0.304 + 0.292 kg gillnet-series™'-night~",
mean + SD) and in the reference area (0.327 + 0.547 kg gillnet-series~'-night~!, mean + SD).
The most abundant salmonid in the total gilinet catch was whitefish.

The year of sampling had an effect on the condition factors of the perch caught in 1983
(number of fish (n) = 78), 1986 (n = 25), 1989 (n = 128), 1992 (n = 149), 1998 (n = 63) and
2005 (n = 147) in all three size categories (TL < 13 cm, TL 13-18 cm and TL > 18 cm)
(Figure 4, Table lll). According to the post hoc test (Tukey’s HSD), the condition factors of the
zooplanktivorous perch (TL < 13 cm) caught in 1983 and 2005 were lower than those of the
perch caught in 1989 (P < 0.001 and P < 0.01). The condition factors of the omnivorous
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Table Il

Mean catch-per-unit-effort (kg gillnet-series™'-night™") of fish caught in Lake Pyhéselké in 1978-2005.
The fishing was carried out in the area affected by industrial and municipal sewage discharge (A; three
sampling sites) and in the reference area (R; one sampling site) in May and June.

Tableau Il

Captures moyennes par unité d’effort (kg série de filets™'-nuit™") de poissons capturés dans le lac
Pyhéaselkéd de 1978 a 2005. La péche a été réalisée dans la zone affectée par les effluents industriels et
domestiques (A ; trois sites d’échantillonnage) et dans la zone de référence (R ; un site d’échantillonnage)
en mai et juin.

1978 (A) | 1.288 | 0.168 | no catch 0.224 0.128 0.056 0.208 0.072
1981 (A) | 1.144 | 0.328 0.040 1.192 1.264 no catch 0.176 0.336
1983 (A) | 1.472 | 0.176 | no catch 0.408 0.696 no catch 0.216 0.096
1986 (A) | 2.864 | 0.280 | no catch 2.608 1.024 no catch 0.232 0.240
1989 (A) | 2.592 | 0.040 0.224 1.976 0.080 0.088 0.136 0.040
1992 (A) | 3.064 | 0.096 0.048 2.400 0.176 0.136 0.224 0.272
1995 (A) | 3.616 | 0.304 0.368 1.168 0.120 0.968 0.520 0.328
1998 (A) | 2.560 | 0.232 0.168 1.072 0.320 0.088 0.264 0.120
2002 (A) | 4.632 | 0.192 0.392 1.440 0.192 no catch 0.352 0.368
2005 (A) | 2.208 | 0.192 0.416 1.328 0.224 no catch 0.272 0.624
1981 (R) | 1.416 | 0.040 0.016 0.488 0.280 no catch 0.104 0.008
1986 (R) | 1.160 | 1.176 0.904 0.184 no catch | no catch 0.024 0.472
1989 (R) | 0.888 | 0.728 0.368 no catch | no catch | no catch 0.320 0.424
1992 (R) | 9.216 | 0.080 0.928 0.648 no catch | no catch 1.112 no catch
1995 (R) | 1.968 | 0.112 0.152 0.720 0.048 no catch 0.096 0.256
1998 (R) | 3.024 | 0.208 0.656 0.496 0.216 no catch 0.360 0.312
2002 (R) | 5.312 | 0.216 | no catch 2.200 0.200 no catch | no catch 1.024
2005 (R) | 3.792 | 0.304 0.536 1.304 0.104 0.504 no catch 0.888
(7]
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Figure 3

Mean + SE catch-per-unit-effort (CPUE; kg gillnet-series™'-night™') of cyprinids pooled over the four
sampling sites in relation to chlorophyll a concentration (on the left) and that of percids in relation to
surface water temperature (on the right) in Lake Pyhéselka. The test fishing was carried out approximately
every third year between 1978 and 2005. The chlorophyll a and temperature values denote the 3rd order
moving average of the yearly means.

Figure 3

Moyenne + SE des captures par effort (CPUE ; kg série de filets™"-nuit~") des cyprinidés pour les quatre
sites rassemblés en relation avec la concentration en chlorophylle a (a gauche) et celles des percidés en
relation avec la température de surface dans le lac Pyhaselkd. La péche aux filets maillants a été faite
environ tous les trois ans en mai et juin de 1978 a 2005. Les valeurs de température et de chlorophylle
sont des moyennes mobiles sur trois ans des moyennes annuelles.
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Figure 4

Mean (and its 95% confidence interval) condition factors K of the perch caught in Lake Pyhéselkéd in
1983, 1986, 1989, 1992, 1998 and 2005. The different size categories of the perch are indicated as
follows: white bars = total length (TL) < 13 cm, light grey bars = TL 13-18 cm and dark grey bars = TL
> 18 cm. Only five small perch (TL < 13 cm) were caught in 1986 and, therefore, the size category in
1986 is omitted from the figure. For the statistical differences in K between the years of sampling and
size categories of the perch see text and Table Ill.

perch (TL 13-18 cm) caught in 1983 and 2005 were lower than those of the perch caught
in 1986 (P < 0.001 and P < 0.01), 1989 (P < 0.001 and P < 0.001), 1992 (P < 0.001 and
P < 0.001) and 1998 (P < 0.001 and P < 0.05). The condition factors of the piscivorous perch
(TL > 18 cm) caught in 2005 were lower than those of the perch caught in 1986 (P < 0.05),
1989 (P < 0.001), 1992 (P < 0.001) and 1998 (P < 0.001). In addition, the condition factors
of the piscivorous perch caught in 1989 were lower than those of the perch caught in 1998
(P < 0.01). The sampling site (Jokisuu, Noljakansaaret, Ylamylly and Pyh&saari) had an effect
on the condition factors of the perch only in the category of omnivorous perch (Table llI).
However, according to the post hoc test (Tukey’s HSD), none of the individual differences
between the four sampling sites were significant. Thus, the condition factors of the perch
caught in the affected area (Jokisuu, Noljakansaaret and Ylamylly) were compared to those of
the perch caught in the reference area (Pyhasaari) (two-way ANOVA with a simple contrast).
In this new analysis, the condition factors of the omnivorous perch caught in the reference
area were lower than those of the perch caught in the affected area (F3 566 = 2.694, P < 0.05).
The interaction of site and year of sampling had an effect on the condition factors of the
zooplanktivorous and omnivorous perch (Table lI).

The effect of sampling site (Jokisuu, Noljakansaaret, Ylamylly and Pyh&saari) on the lengths
at age-1 of perch caught in 1983, 1986, 1989 and 1992 was significant, whereas the effect
of year of hatching (1977-1989) was not (Table IV). The length at age-1 of the perch caught
in the affected area (6.0; 5.9-6.1 cm, mean; 95% confidence interval) was lower than that of
the perch caught in the reference area (6.3; 6.2-6.5 cm) (t-test, t740 = 5.461, P < 0.001). The
difference in length at age-1 between the affected and reference areas was especially large
among perch hatched in 1981-1983 (Figure 5). The length at age-1 of the perch did not differ
across the three sampling sites in the affected area (ANOVA, F; 553 = 2.394, P > 0.05).
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Table Il

ANOVA statistics for the condition factors of perch across the years of sampling (1983, 1986, 1989, 1992,
1998 and 2005) and the sampling sites (the three affected sites: Jokisuu, Noljakansaaret, Yldamylly and
the reference site: Pyhdsaari). The analyses were performed separately for the “zooplanktivorous” (TL <
13 cm, analysis A in the table), “omnivorous” (TL 13-18 cm, analysis B) and “piscivorous” perch (TL >
18 cm, analysis C). Only five “zooplanktivorous” perch were caught in 1986 and, therefore, the year was
excluded from the analysis A. Statistical differences (Sig.) are indicated as follows: ns = non-significant,
*=P < 0.05 =P <0.01and ** P < 0.001.

Tableau lll

Statistiques ANOVA sur les facteurs de condition des perches entre années d’échantillonnage (1983,
1986, 1989, 1992, 1998 et 2005) et sites d’échantillonnage (trois sites affectés : Jokisuu, Noljakansaaret,
Ylamylly et le site de référence : Pyhasaari). Les analyses ont été réalisées séparément pour les perches
« zooplanctonophages » (TL < 13 cm, analyse A dans le tableau), « omnivores » (TL 13-18 cm, ana-
lyse B), et piscivores (TL > 18 cm, analyse C). Seulement cinq perches « zooplanctonophages » ont été
capturées en 1986 et, par conséquent, cette année a été exclue de 'analyse A. Les différences sont
indiquées comme suit : ns = non significatif, * = P < 0,05; * = P < 0,01 et ** P < 0,001.

A Year of sampling 0.080 4 0.020 6.368 e
Sampling site 0.015 3 0.005 1.628 ns

Interaction (year x site) 0.085 10 0.009 2.732 **

B Year of sampling 0.315 5 0.063 14.784 | **
Sampling site 0.034 3 0.011 2.694 *

Interaction (year x site) 0.156 15 0.010 2.445 **

Cc Year of sampling 0.393 5 0.079 20.611 e
Sampling site 0.012 3 0.004 1.058 ns

Interaction (year x site) 0.063 15 0.004 1.104 ns

Table IV

ANCOVA statistics for the lengths at age-1 of perch across the sampling sites (the three affected sites:
Jokisuu, Noljakansaaret, Yldmylly and the reference site: Pyhdsaari) and years of hatching (1977-1989).
The age of the fish was used as a covariate in the analysis. Statistical differences (Sig.) are indicated as
follows: ns = non-significant, * = P < 0.05, ** = P < 0.01 and *** P < 0.001.

Tableau IV

Statistiques ANOVA pour les longueurs des perches a I’age d’1 an entre les sites d’échantillonnage
(trois sites affectés : Jokisuu, Noljakansaaret, Ylamylly et le site de référence : Pyhdsaari) et les années
de naissance (1977-1989). L’age des poissons a été utilisé comme covariable dans I’analyse. Les diffé-
rences sont indiquées comme suit : ns = non significatif, * = P < 0,05; ** = P < 0,01 et ** P < 0,001.

Sampling site 9.793 3 3.264 6.512 | *

Year of hatching 8.271 12 0.689 1.375 | ns

Interaction (site x year) 36.244 33 1.098 2.191 o

Age 0.435 1 0.435 0.867 | ns
DISCUSSION

According to the water quality parameters indicating a lake’s trophic state — the total phospho-
rus concentration and specifically the chlorophyll a concentration and the primary production
of phytoplankton and bacteria — the northern part of Lake Pyhaselka was clearly mesotrophic
in the 1980s as a consequence of nutrient-rich sewage discharges from the Enocell pulp mill
into the River Pielisjoki and further into the Lake Pyhaselkd. The higher nutrient input favoured
cyprinids, especially roach, but also dace. More cyprinids were caught at the affected north-
ern sites of Lake Pyhéselka than at the southern reference site (Table Il). On the other hand,
the abundance of percids had no clear association with the trophic status. These observa-
tions concerning the effects of pulp mill effluents on the fish community of Lake Pyhaselka
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Figure 5

Mean (and its 95% confidence interval) lengths at age-1 of the perch hatched in 1977-1989. The fish
were caught either in the area affected by the nutrient-rich sewage discharge (red symbols and line) or
in the reference area (green symbols and line) in Lake Pyhéselk&. For the statistical differences in lengths
at age-1 of the perch between sites of sampling and years of hatching see text and Table IV.

Figure 5

Moyennes (et intervalle de confiance a 95 %) des longueurs a 1 an des perches nées de 1977 a 1989.
Les poissons ont été capturés dans les zones affectées par les effluents (symboles et ligne rouges) ou
la zone de référence (symboles et ligne verts) dans le lac Pyhaselka. Pour les différences statistiques
entre longueurs a 1 an et années de naissance des perches, voir le texte et le tableau IV.

are in accordance with the results of surveys carried out in central Finland (Hakkari, 1992) and
along the Baltic coast of Sweden (Hansson, 1987). It must be noted, however, that the phos-
phorus gradient was quite narrow in Lake Pyhéaselka through most of the monitoring period.
Helminen et al. (2000) observed that cyprinids became dominant in Finnish lakes when the
total phosphorus concentration exceeded 30 ug-L™".

The mean length at age-1 of the perch caught in the affected area of Lake Pyhaselkd was less
than that of conspecifics caught in the reference area — specifically in the 1980s (Figure 5). The
length at age-1 indicates the growth of fish during their first growing season. The growth rate
of fish is highly dependent on fish density (Boisclair and Leggett, 1989a) and type of available
food (Boisclair and Leggett, 1989b). In a fish community dominated by perch and roach, the
competitive interactions between these two species cause shifts in the diet of 0+ and 1+
perch from pelagic zooplankton to benthic macroinvertebrates (Persson, 1987; Persson and
Greenberg, 1990). This, in turn, strengthens food competition among the benthivorous perch
(Persson and Greenberg, 1990). Moreover, if the roach are able to utilise plant and detrital
material in large quantities, as they usually do in the case of meso- or eutrophy, the roach
population grows faster than the perch population and the strength of competitive effects on
the perch increases further (Persson, 1983). Consequently, it is suggested that the observed
short lengths at age-1 of the perch caught at the affected sites of Lake Pyhédselka, as well
as the low condition factors of the small- and medium-sized perch (TL < 18 cm) in the early
1980s (Figure 4), were a result of the strong inter- and intraspecific competitive pressure on
the zooplanktivorous and benthivorous perch. The abundance of perch in ponds and lakes
has been showed to be related to biotic factors, and especially to the abundance of roach
(Sumari, 1971; Persson, 1997; Olin et al., 2002).

In the data pooled over all four sampling sites (three northern affected sites and the south-
ern reference site) in Lake Pyhdselkd, the abundance of percids associated positively with
surface water temperature (Figure 3). Perch is a warm water species (Hokanson, 1977), and
increased water temperature improves its foraging ability (Bergman, 1987). Perch populations
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derive benefit from higher water temperatures in terms of increased individual growth rates
and reduced mortality caused by predation during the first growing season (Lappalainen et al.,
1996). The condition factors of the perch caught in the 1990s were somewhat higher than
those of the perch caught in the 1980s — especially in the case of larger perch (TL > 13 cm)
(Figure 4). The competitive pressure on the perch was supposedly lower in 1990s than in
1980s due to the decreased nutrient input into the lake and higher water temperatures, both
of which favour the growth of perch individuals. Interestingly, the condition factors of the perch
caught in 2005 were much lower than those of the perch caught in earlier surveys in the 1980s
and 1990s - again, especially in the case of larger perch (TL > 13 cm) (Figure 4). Exception-
ally strong intraspecific competition between the larger perch in 2005 does not explain the
result since the mean CPUE of perch in 2005 (2.608 kg gillnet-series™'-night~') was not higher
than that in 1983-1998 (2.736 kg gillnet-series™"-night~"). A possible reason for the observed
low condition factors of the larger perch caught in 2005 could be the substantially increased
abundance of pikeperch in Lake Pyh&selké in the early years of the 21st century. According to
catch statistics of local fishermen, the average CPUE of large piscivorous pikeperch was over
twofold in 2001-2005 compared to that of the 1990s (own unpublished data). Pikeperch is a
valuable species for commercial fisheries and large numbers of pikeperch have been stocked
in Lake Pyhaselkd during the past few decades. Moreover, the rising water temperatures as
well as the darkening of water will also benefit pikeperch (Keskinen and Marjomé&ki, 2003;
Lappalainen et al., 2005). Pikeperch prey effectively on small perch (Keskinen and Marjomaki,
2004). This increased predation may affect the population size of perch (Ddrner et al., 2007).
Cannibalism is common among perch and usually the growth rates and fecundity of the large
cannibalistic individuals are especially high (Persson et al., 2000). The increased predation on
small perch by pikeperch may thus strengthen the competitive pressure on the large piscivo-
rous perch and lower their condition factors.

To conclude, two fundamental processes have altered the water quality and fish community
of Lake Pyhaselka during the last four decades. First, the lake’s trophic state proceeded from
oligotrophic to mesotrophic in the 1980s as a result of the nutrient-rich sewage discharges
from the Enocell pulp mill and the town of Joensuu. The mesotrophic state favoured cyprinids,
mainly roach but also dace. The increased cyprinid density in the affected northern area of
Lake Pyhéaselka strengthened the competition pressure on perch, the predominant species in
the fish community. This, in turn, reduced the growth rates of young perch during their first
growing season. The lake’s trophic state shifted from mesotrophic back to oligotrophic in the
1990s due to more effective treatment of the industrial and municipal sewage waters. Second,
the mean surface water temperature in Lake Pyhaselka in summer (July-August) has shown a
clear rising trend since the beginning of the monitoring period. In general, warming increases
the growth of all fish but, at the population and community levels, it benefits the warm water
species, such as perch. In Lake Pyhaselka the abundance of perch related positively to the
water temperature. However, it is possible that warming favours pikeperch even more than
perch. This may have major effects on the perch populations, as pikeperch prey effectively on
small perch. In the future, more intensive study of the interactions between warming climate
and human stressors, such as sewage discharge causing eutrophication, is needed in order
to generate precise predictions of the effects arising from climatic change on ecosystems.
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