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Population dynamics and growth of perch (Perca fluviatilis) were studied over a 20-year
period in a small, humic, boreal lake (Valkea-Kotinen). The annual estimated total popula-
tion size of perch (> 8 cm, total length) varied from 2700-13 400 and the biomass from
16.1-44.2 kg ha!. Strong year-classes were born at four-year intervals between 1991 and
2003. A decreasing trend was recorded in the growth of 1- and 2-year-old perch, whereas
a slight increase appeared in the yearly growth of 4- and 5-year-old fish. Our view is that
the decrease in the early growth was caused by negative effects of increased organic carbon
loads on water colour and hence on light conditions and the general productivity of the
plankton community. These changes outweighed the expected positive effect of increasing
temperature for young perch but not for the older fish.

Introduction

The European perch (Perca fluviatilis) is a
widely distributed fish species in boreal waters.
Apart from the subarctic lakes of Lapland, it is
the most common species in Finnish lakes (Tonn
et al. 1990, Tammi et al. 2003, Rask et al. 2010).
The presence of perch in almost all the lakes
of southern and central Finland is related to its
wide environmental tolerance: the life cycle of
perch can be completed in small acidic ponds
(Nyberg et al. 1995, Tammi et al. 2004, Posch
et al. 2012) as well as in larger lakes of widely
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different trophic state (Olin et al. 2002, Tammi
et al. 2003). The wide environmental tolerance
is complemented by its ecological flexibility;
perch is a generalist carnivore feeder, usually
shifting during its life span from zooplankton to
zoobenthos and later to fish (Allen 1935, Pers-
son 1994, Horppila et al. 2000). As it is a visual
feeder, light conditions are of importance, low
light causing decreased feeding efficiency (Berg-
man 1988, Estlander et al. 2012) and dominance
of roach (Rutilus rutilus) over perch in competi-
tion for zooplankton food in the turbid water of
eutrophic lakes (Persson 1983, Olin et al. 2002)
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or in highly humic lakes (Estlander ef al. 2010,
Olin et al. 2010).

Significant environmental trends were
recorded in a small, humic Lake Valkea-Kotinen
during 1990-2009. Decreasing acidifying depo-
sition resulted in lower SO, concentrations and
in associated increases in pH (from 5.0 to 5.5)
and alkalinity (from 5 to 20 ueq 1") of water
(Vuorenmaa et al. 2014). The effects of cli-
mate change, predicted to increase the tem-
perature and shorten the ice-covered period of
the lake (Saloranta et al. 2009), have already
been recorded (Lehtovaara er al. 2014, Jylhid et
al. 2014). The increase in organic carbon load,
apparently due to the afore-mentioned factors
(Monteith et al. 2007, Futter et al. 2009, Arvola
et al. 2010), caused brownification of the water,
from 100 to close to 200 mg Pt I!. Such browni-
fication may affect energy and carbon sources
and processes within the food webs (Salonen et
al. 1992, Kankaala et al. 2006, Jones et al. 2008)
and result in a higher proportion of bacterial pro-
duction via the microbial loop as compared with
algal production (Ask et al. 2009, Karlsson et al.
2009). This may in turn affect food availability
to higher trophic levels, i.e., zooplankton (Brett
et al. 2009) and fish (Estlander ef al. 2012).

In lakes recovering from acidification,
increased reproductive success of perch is
expected to lead to increasing population den-
sity, and decreasing growth as well as mean
size of fish due to food competition (Nyberg
et al. 1995). However, Ohlberger et al. (2011)
predicted that increasing temperature, coupled
with increasing intraspecific competition, may
also result in dominance of younger and smaller
perch, which was recorded in some Danish lakes
(Jeppesen et al. 2012). On the other hand, perch
is a warm-water species, and hence is predicted
to benefit from warmer waters being a conse-
quence of climatic change (Lappalainen and
Lehtonen 1997, Jeppesen et al. 2012).

In the present study, we related the changes
in perch population dynamics and growth to the
environmental trends recorded in the lake during
the 20-year study period to compare the impact
of each stressor on perch. Both environmental
and biological factors were included to evaluate
their relative importance.
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Material and methods

Small (0.042 km?), mesotrophic, shallow (maxi-
mum depth 6.5 m, mean depth 2.5 m), brown-
water Lake Valkea-Kotinen is located in a small
headwater catchment (0.22 km?) in a remote
protected forest area in southern Finland. It is
affected by pollution from airborne sources
only (for details see Ukonmaanaho et al. 1998,
Ruoho-Airola et al. 2014). During the growing
season, steep thermal and oxygen stratification
is typical for the lake, resulting in ca. 2-m thick
warm and oxygenated epilimnion, and a cold
and anoxic hypolimnion (Forsius et al. 2010)
restricting the suitable habitat for perch in the
lake. The littoral habitat is narrow due to poor
light penetration and steep shores, and consists
mainly of floating leaved vegetation (Nuphar
lutea) and aquatic mosses.

Perch and pike (Esox lucius) are the only
fish species in the lake. The size and structure
of the perch population have been monitored
since 1991 (Rask et al. 1998). Annual population
estimates of perch were obtained from two-week
continuous marking and recapturing in May
without fish removal (Schnabel estimate, Krebs
1989). The fish were caught by wire traps with a
1 cm? mesh retaining perch = 8 cm long, which
corresponds to = 2 years of age, and targeting the
spawning population. Altogether 34 731 perch
were captured during the 20-year study period.
The fish were measured to the nearest 1 cm
(total length) for length distribution evaluation,
after which they were fin-clipped and released.
Pelvic fins were clipped, one of the two fins each
year, to ensure correct interpretation of cuts from
consecutive years. Marking and recapturing was
done during spawning, some 2-3 weeks after
ice-out. The mean number of marked fish varied
from year to year between 950 and 4100 resulting
in recaptures of 111-811 marked perch. The aim
was for the 95% confidence limits to be less than
+20% of the population estimate, and this was
achieved in most years. A population estimate
for 1990 (to be used in multivariate analysis) was
derived from the 1991 value by using an estimate
for annual mortality rate (M = 0.6; Thorpe 1977).
Annual perch biomass was calculated as fol-
lows: first, based on the size distribution of the
fish caught in the test fishing, the number of fish
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belonging to each size class in the whole popula-
tion was estimated; second, biomass of each size
class was estimated using the mean weight of
perch from each length group (cm), calculated
from the perch sampled for age and growth
determination (n = 1266); these results were then
summed to give the total biomass. Corresponding
data for pike are not available.

Samples for age determination (50-100
perch per year) were taken from the last recap-
ture catch. In some years additional samples
were obtained from late summer gill-net sam-
pling (NORDIC survey nets, CEN 2005). Each
fish was measured to the nearest mm (total
length) and weighed to the nearest g, and oper-
cular bones were used to determine age and to
back-calculate growth according to the Monasty-
rsky procedure (Raitaniemi ez al. 1988). Relative
year-class strength was determined using the
Svirdson-Kempe method (Kempe 1962).

Water-quality (Fig. 1) and season-length
(the number of days with water temperature at
1 m depth > 15 °C) data were obtained from
the database of the Lammi Biological Station
(University of Helsinki). Water-quality data are
presented in more detail by Vuorenmaa et al.
(2014). Data on primary production of phyto-
plankton and chlorophyll a (Fig. 2, see Arvola et

al. 2014) and data on main zooplankton groups
and Chaoborus larvae (Fig. 2, see Lehtovaara
et al. 2014) are from the plankton database of
the Lammi Biological Station (University of
Helsinki).

A non-parametric Mann-Kendall test (Z-sta-
tistics; see Hipel and McLeod 2005) was used for
long-term monotonic (i.e. increasing or decreas-
ing) trend analyses of the perch population and
growth parameters. No assumption of normality
is required by the test, hence the non-transformed
original data were used. To analyse the joint
effects of abiotic and biotic factors (later called
environmental variables) on the perch population
and its growth parameters, expressed as annual
length increment, a redundancy analysis (RDA,
Canoco 4.51 (ter Braak & Smilauer 2002) was
applied since the gradient lengths of biotic vari-
ables were rather short, 3—4 SD units. All vari-
ables were standardized as follows: (x, — x)SD!.
A Monte-Carlo permutation test (1000 permu-
tations) was used to test the significances of
the single variables and the RDA axes. As the
measurements of a given variable were related
to each other (sampled in successive years from
the same lake), a time series option was used as
a permutation restriction. The perch variables in
the RDA analysis included seven variables that
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were assumed to respond to environmental vari-
ables on a yearly basis: size of population, rela-
tive year-class strength and the length increments
of 1-5-year-old perch in each year. The environ-
mental variables were first selected in order to
avoid high (> 0.8) between-variable correlation
causing multicollinearity, and secondly based on
maximum extra fit. The eight environmental vari-
ables entered in the RDA analysis included five
water quality parameters (alkalinity, water colour,
oxygen concentration at 2 m depth, total phos-
phorus (P _) and water temperature at 1 m depth),
season length, and two biological parameters
(primary production of phytoplankton and clad-
oceran zooplankton density).

Results
The perch population

The size of the perch population (individuals of
> 8 cm in total length) varied between 2400 and
13400 (570-3190 perch ha™) and the biomass
between 16.1 and 44.2 kg ha™' with no signifi-
cant trends during the 20-year monitoring period
(Fig. 3 and Table 1). The population size peaked

—— Cladocera

—O— Copepoda  —— Chaoborus

in 1998 and the biomass in 1997, both due to the
recruitment into the spawning population of the
1995 year-class, the strongest recorded during
the study period.

During the first half of the study period, a
four-year interval was apparent in the occurrence
of strong year classes, which were born in 1991,
1995, 1999 and 2003 (Fig. 4). The year class 1991
formed the most abundant length group during
1993-1996 (Fig. 5), until the strongest year class
1995 appeared as numerous perch of size 8§ and
9 cm in 1997. In 2001, 9 and 10 cm perch of the
strong year class 1999 appeared as most abun-
dant. During the latter part of the monitoring
period there was less variability in the strength of
year classes than in the 1990s but no significant
trend was recorded (Table 1). Correspondingly,
after 2003 the variation in size structure of the
perch population stabilised with a dominance of
small individuals (< 10 cm in total length; Fig. 5).
This resulted in a significant negative trend in the
mean length and weight of perch (Table 1).

The growth of perch

The growth of perch in Lake Valkea-Kotinen
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was fairly slow as the total length of 15 cm
has usually not been exceeded before the fish
reached the age of five or six years (Fig. 6).
During the study period, a significant decreasing
trend in perch growth was recorded in their first

summer and slowing growth also during the 2nd
and 3rd summers. In contrast, in 4- and 5-year-
old perch the trend was slightly positive (Table 1
and Fig. 7), although the back-calculated length
of 5-year-old perch in 1990 was close to the

Table 1. Mann-Kendall statistics for trends in perch population variables and growth in Lake Valkea-Kotinen during
1990-2009. Significance of Z values are as follows: p < 0.1 when |Z] > 1.563, p < 0.05 when |Z| > 1.862, p < 0.01

when 1Z] > 2.447.

Perch variable Range V4 p
Population size 2400-13400 0.91 ns
Biomass of perch (kg ha™") 16.1-44.2 -0.616 ns
Density of perch > 15 cm (indiv. ha™') 82-487 -1.19 ns
Relative year—class strength 8-355 —-0.681 ns
Mean length of perch (mm) 101-155 —2.239 <0.05
Mean weight of perch (g) 13-50 —2.029 <0.05
1st year growth (mm) 48.8-63.3 -3.439 <0.01
2nd year growth (mm) 24.5-45.8 -1.752 <0.1
3rd year growth (mm) 16.7-29.6 —1.849 <0.1
4th year growth (mm) 14.5-26.9 1.428 ns

5th year growth (mm) 8.5-24.5 1.622 <0.1
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records of the last research years indicating
that no actual trend existed. Nevertheless, the
length at age 5 decreased until the last half of the
1990s, showing slowest growth during the years
of highest population size and thus suggesting
density-dependent decrease of growth in those
years.

Effects of environmental and biological
factors

The RDA analysis of the perch and environ-
mental variables suggested that environmental
variables had a rather weak effect on the year-
class strength or population size, but a rela-
tively strong and varying effect on the growth
in different age classes (Table 2 and Fig. 8).
The relationships between perch variables, and
between perch variables and environmental vari-
ables were statistically significant (p = 0.022 in

both cases; Table 2). However when the envi-
ronmental variables were considered separately
in the RDA analysis, only oxygen concentration
had a significant effect (p = 0.033) on the matrix
of perch variables. The first RDA axis explained
26% of the variation in the perch variables and
51% of the variation in the relationships between
perch variables and environment variables.

On the first RDA axis, water colour had a
strong positive score, and primary production
and oxygen concentration had high negative
scores indicating the gradient of low productiv-
ity, limited oxygenated layer and poor light con-
ditions. Growth in the youngest age groups was
strongly negatively affected by these variables;
this indicates that during the first years perch
growth was positively dependent on primary
production and oxygen conditions and nega-
tively dependent on water colour. In contrast,
in older perch (age 4 and 5) this relation was
positive which suggests a lower dependence
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of larger fish on pelagic food resources and on
light conditions. Furthermore, the relative abun-
dance of small perch increased during the study
period providing a better prey-fish resource for
large perch. Year class strength and population
size were only weakly related to the first RDA
axis. The brownification trend of the lake with
decreasing oxygen concentration and primary
production can also be seen in the RDA analysis,
as the later years mostly have higher scores in
the first RDA axis than the earlier ones.

The second RDA axis explained 16% of the
variation in the perch variables and 24% of the
variation in the perch and environment relation-
ship (Table 2). On this axis, water colour had a
high negative score, and P,_, water temperature
and cladoceran density positive scores indicating
the gradient of good light, high food resources
and warm water. All the perch variables except
population size were positively related on this
axis, especially growth of 3-5-year perch. This
suggests that growth in older age groups is more
dependent on good light conditions and warm
water than that in young age groups.

Discussion
Perch population

The perch population and biomass estimates
from Lake Valkea-Kotinen are in line with those
from other studies of similar lakes in the Evo
area (Rask 1983, Lappalainen et al. 1988, Horp-
pila et al. 2010). The 20-year data from Lake
Valkea-Kotinen revealed that the size of the
perch population and the occurrence of strong
year classes were only weakly associated with
the environmental and biological factors consid-
ered, and were regulated more through intraspe-
cific processes. This was seen in the weak asso-
ciations of population density and year-class
strength with the axes of the RDA analysis. The
lake had never acidified to critical levels for
perch reproduction in humic waters (see Hen-
riksen et al. 1989), as shown by the occurrence
of strong year-classes of perch during the “acidi-
fication years” of the 1990s, before the onset
of pronounced chemical recovery of the lake
around the year 2000 (Vuorenmaa et al. 2014).
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Perch is a warm-water species that is predicted
to benefit from the warming of waters caused
by climate change (Lappalainen and Lehtonen
1997, Jeppesen et al. 2012). However, in the
case of Lake Valkea-Kotinen, this was seen
neither in the occurrence of strong year-classes
nor in the positive responses of early growth of
perch (see Jeppesen et al. 2012).

In the first half of the monitoring period, the
fluctuation of the perch population size followed
the occurrence of strong year-classes that were
born at a 4-year intervals until the early 2000s.
This kind of pattern has often been recorded in
small perch-dominated lakes where larger can-
nibalistic perch can prevent the recruitment of
YOY fish until the density of large individuals
is small enough to enable the development of a
new strong year-class (Alm 1952, Persson et al.
2000). In the latter part of the monitoring period,
since the early years of the 2000s, no really
strong or weak year-classes occurred and the
population was dominated by small individuals.
The decreased average size of perch is in line

Table 2. Results of the RDA analysis of perch vari-
ables, and of environmental variables during 20 years
of monitoring in Lake Valkea-Kotinen. Axes 1 and 2 are
the first two RDA axes.

Variable Axis 1 Axis 2 All
Perch variables

5 yr. length increment 0.5975 0.3818

4 yr. length increment 0.5737  0.5322

Size of population —0.1583 —0.2489

Year class strength —0.1941 0.3051

3 yr. length increment  -0.2003  0.5918

2 yr. length increment  -0.6430  0.2875

1 yr. length increment  —0.7747  0.2713
Environmental variables

Water colour 0.5106 -0.5987

Temperature 0.2018  0.3433

Alkalinity 0.0791  0.1237

Number of days

when water T>15°C -0.0186 -0.2287

Total phosphorus -0.1150  0.5547

Cladoceran density -0.1261  0.3472

Primary production -0.7632  0.2868

Oxygen concentration —0.7863  0.1325
F 3.8150 2.008
P 0.0220 0.022
Variance explained (%)

Perch variables 25.75 15.58 54.38

Perch—environment

relation 51.29 23.73 91.64
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with the observations from Denmark (Jeppesen et
al.2012), related to improved recruitment of fish
due to higher spring temperatures and increasing
survival of fish during winter due to shorter ice-
cover period. Moreover, it has been predicted,
by using a physiologically structured consumer-
resource model that increasing water tempera-
ture, connected with enhanced intraspecific com-
petition, may result in dominance of younger and
smaller perch (Ohlberger et al. 2011).

One possible explanation for decreased mean
size of perch might be reduced predation pressure
from pike, although due to the lack of long-term
pike data this cannot be ascertained. However,
other studies from similar lakes have suggested
that the intensity of pike predation can affect the
perch population structure (Olin et al. 2010).
Predation by pike decreases the perch population
density and the intraspecific food competition
among perch thus contributing to faster growth
and larger mean size of perch (Rask 1983, Persson

years (1990-2009) are

0.8 also shown.

et al. 1996, Olin et al. 2010). On the other hand,
dark coloured lake water may reduce the feeding
efficiency of pike (Horppila et al. 2010).

Growth of perch

The main environmental factor affecting the
early growth of perch in Lake Valkea-Kotinen
appeared to be the organic carbon load, result-
ing in darker water, and decreased light. Overall,
the limiting effect of worsening light conditions
would outweigh the expected positive effect of
increasing temperature on the growth of young
perch (Jeppesen et al. 2012). It is possible that
the decrease in the early growth of perch was
— at least partly — a direct response to the
deterioration of the light conditions as perch is
a visually-oriented fish species and active espe-
cially at dawn and dusk (Helfman 1979, Rask
1986). Recent field and experimental studies



BOREAL ENV. RES. Vol. 19 (suppl. A)

showed the harmful effects of poor light condi-
tions on the ability of perch to compete for food
with roach and on the feeding efficiency of perch
that may result in slower growth (Estlander e? al.
2010,2012).

However, a more important factor causing
the decreased early growth of perch is a general
decrease in the biological production of the
lake, also related to the increased water colour.
In Lake Valkea-Kotinen, there was a signifi-
cant decreasing trend in the primary production
(Arvola et al. 2014) and also in the densities of
important food items for small perch, such as
cladoceran zooplankton and Chaoborus larvae
(Lehtovaara et al. 2014). A significant positive
association between the primary production of
phytoplankton and the early growth of perch,
as indicated in the RDA analysis, suggests that
the decrease in general productivity of the lake
affected the perch growth via zooplankton as
zooplankton is the primary food source of perch
fry: first ciliates, rotifers and copepod naupli
(Siefert 1972, Guma’a 1978, Zingel et al. 2012),
followed by various crustaceans. The RDA anal-
ysis also emphasized the importance of oxygen,
suggesting that the decreasing volume of the
oxygenated habitat may affect the early growth
of perch. The reduction of water volume suitable
for perch can lead to increased intraspecific com-
petition. At the same time, perch are forced to
use the uppermost and warmer water layer which
increases metabolism and the need for energy.
The decreased early growth of perch may also be
linked to the changes in the population structure,
as it has been suggested that slow growth of
plankton-feeding perch, especially slow second-
summer growth, can lead to delay or inhibition
of the later ontogenetic shift from benthivory
to piscivory in perch populations (Heibo et al.
2005, Estlander et al. 2012).

The main reason for the slow growth of
perch in Lake Valkea-Kotinen was presumably
intraspecific food competition, as there were no
competing fish species present. Although the
growth was not as slow as in some other humic
lakes without pike predation (Rask 1983, Lap-
palainen et al. 1988), it was far below the growth
of perch recorded in the more productive and
diverse ecosystems of larger lakes (Sarvala and
Helminen 1996, Ruuhijérvi er al. 2010) or in
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oligotrophic lakes with low population density
(Raitaniemi et al. 1988). The slight positive
trend in the growth of larger perch, those of age
groups of 4 and 5 years, indicates their differ-
ent trophic position and better food resources or
higher feeding efficiency as compared with the
small planktivorous perch. The positive relation
of older perch (age 4 and 5) to the first RDA axis
suggests a lower dependence of larger fish on
pelagic food resources and on light conditions,
as they mainly consume littoral macroinverte-
brates and small fish (Rask er al. 1998, Estlander
et al. 2010). It appears that reduced light condi-
tions have not affected the growth of older perch,
although no data are available concerning pos-
sible changes in the benthic or littoral production
of the lake during the study period. Additionally,
as the average size of perch decreased during the
monitoring period, there is more intrinsic prey of
suitable size for older perch which might partly
explain their improved growth.

In conclusion, the results of our 20-year
study indicate that the population dynamics of
perch is mainly regulated by intraspecific pro-
cesses, whereas the changes in growth were
more closely related to the trends in environmen-
tal factors. The decrease in the early growth of
perch was most clearly related to the increase in
water colour and subsequent decrease in general
productivity of the lake, including decrease in
food resource production for small perch and
subsequent intraspecific food competition. These
changes outweighed the expected positive effect
of increasing temperature for young but not for
the older perch.
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