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The disappearance of acid sensitive fish species that usually are the most important top
predators in freshwater ecosystems is an important ecological consequence of lake
acidification. This may have beneficial consequences for insectivorous waterbirds that
may compete for food with fish. We studied the response of common goldeneye
(Bucephala clangula) pairs and broods to pH, perch (Perca fluviatilis) density and in-
vertebrate abundance in small forest lakes in southern Finland. Neither the density of
breeding pairs nor that of broods showed an overall trend with lake acidity but both of
them increased with invertebrate abundance. Among three lakes studied in more detail
for several years both pair density and brood density were highest in the lake with
lowest pH and perch density and highest invertebrate abundance. Goldeneye brood
density, but not pair density, increased after a sudden perch death in an experimental
lake. Our results indicate that both breeding pairs and broods of goldeneyes may benefit
of acidity-induced release in food competition after the disappearance of fish competitors.

1. Introduction

Acidification of lakes modifies the structure and
function of freshwater ecosystems in many direct
and indirect ways (for a recent review, see
Appelberg et al. 1993). An important ecological
consequence of acidification is the loss of acid
sensitive fishes that usually are the most impor-

tant top predators in freshwater ecosystems (e.g.
McNicol et al. 1987a, Blancher et al. 1992, Rask
1992). Disappearance of fish is often coupled
with an increase of the abundance of
macroinvertebrates previously regulated by fish
predation (Eriksson et al. 1980, Bendell 1986,
Bendell & McNicol 1987). These changes may
have twofold consequences for waterbirds:
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piscivorous birds suffer from the disappearance
of fish but, on the other hand, insectivorous birds
may benefit of the increased availability of
macroinvertebrates as food.

Fish-waterbird interactions induced by lake
acidity have been studied extensively in Canada
and Sweden (reviews in Eriksson 1984, Blancher
& McAuley 1987, McNicol et al. 1987b). One of
the most intensively studied interaction is that
between fish and the common goldeneye,
Bucephala clangula. Basis for this was provided
by Eriksson (1979) and Eadie & Keast (1982)
who examined competitive interactions between
fish (especially the perch, Perca fluviatilis, and the
yellow perch, P. flavescens) and goldeneyes. The
perch is quite tolerant to acidification, but at pH
levels 5.0-4.5 the populations decrease. Usually
the reason is impaired reproduction but sometimes
increased adult mortality also takes place due to
acid-aluminium stress (Rask 1984, 1992). Due to
high diet overlap food competition between the
perch and common goldeneye may exist (Eadie
& Keast 1982; see also Table 1). Both Eriksson
(1979) and Eadie & Keast (1982) concluded that
food competition by fish affects habitat use of
common goldeneyes. Based on this conclusion
recent studies demonstrating a positive association
between lake acidity and lake preference by
common goldeneyes have considered the acidity-
mediated release in food competition as one ex-
planation for the association (DesGranges &
Darveau 1985, McNicol et al. 1987a, Blancher et
al. 1992, McNicol & Wayland 1992, Mallory et
al. 1993, Poysd & Virtanen 1994).

Earlier studies have rather promisingly indi-
cated that acidification of lakes may affect
goldeneyes positively by reducing or eliminating
food competition by fish. However, the evidence
is very sporadic because earlier studies have
analysed only some of the important elements of
the complex interaction network pH-fish density-
invertebrate abundance-goldeneye density. All
the important elements of the network have not
been considered in one study (but see McNicol
& Wayland 1992). Moreover, from the golden-
eye’s point of view the effects of acidification on
the reproductive success, of course, are of primary
importance and, thus, we consider it important to
study simultaneously the response of both
breeding pairs and broods to lake acidity, fish

density and invertebrate abundance. This is es-
pecially because goldeneye females frequently
use different lakes for nesting and brood rearing
(Eriksson 1978, Poysd & Virtanen 1994).

In this paper we take a more comprehensive
approach by answering the following questions:
1) Is there an overall increase in goldeneye pair
and brood density with increasing lake acidity?
2) Does goldeneye pair and brood density increase
with decreasing perch density and increasing in-
vertebrate abundance? 3) Does the use of a lake
by breeding individuals and broods of goldeneyes
increase after elimination of the perch?

2. Study area

The study area is a barren forested watershed
(Evo State Forest) in southern Finland (61°10'N,
25°05’E) and contains 53 small lakes and ponds
(from 0.1 to 49.5 ha). The shore types of the
lakes vary from oligotrophic bog and forest
without emergent plants to more eutrophic ones
with relatively lush stands of Egquisetum and
Typha (Nummi & Poyséd 1993). In a representa-
tive sample of 22 lakes the pH varied from 4.3 to
6.7 (measurements are from surface water (0.5
m) samples taken through the ice in late March
1989-91; Rask et al., unpublished). More specific
information of the trophic status of lakes in the
area is given by Arvola et al. (1990).

3. Material and methods
3.1. Perch populations

The population density of perch was estimated by
marking and recapturing in three lakes each at
different stage of acidification: Lake Vaha Valkjdrvi
(2.2 ha, pH 4.3), L. Iso Valkjérvi (3.9 ha, pH 5.4 in
1990) and L. Iso Mustajérvi (2.7 ha, pH 6.3). The
density of perch > 8.5 cm (total length) was 148
fish/ha in L. Vihi Valkjérvi and 1432/ha in L. Iso
Mustajdrvi in spring 1986 (Lappalainen et al. 1988).
In L. Iso Valkjérvi the marking and recapturing of
perch in 1990 gave a density estimate of 2900/ha
(Rask et al., unpublished).

L. Viaha Valkjarvi experienced a rapid acidi-
fication due to air pollutants during the 1980’s.
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The perch population of the lake has been moni-
tored regularly and its density has decreased re-
cently to levels of < 50 fish/ha (Rask 1992).

In L. Iso Valkjarvi, which is less acidified
than the neighbouring L. Vidha Valkjirvi, a liming
experiment was started in 1991. The lake was
divided in two parts of equal size with a plastic
curtain. One side of the lake was neutralized and
the other served as a control (Rask 1991). The
size of perch population has been measured since
then from both sides of the lake. The density of
perch was at levels 1700-2200 in both sides of
the lake in 1991 and 1992. During the autumn
turnover of 1992 almost all the fish in the control
side of the lake died suddenly. The density of
perch in spring was not more than 50/ha whereas
in the limed side the perch density was 1850/ha
at the same time (Rask et al., unpublished).

3.2. Invertebrates

Aquatic invertebrates were sampled in 12 lakes
in 1989-92 using methods described in detail in
Nummi & Poysd (1993, 1995). In brief, free-
swimming invertebrates were trapped with an
activity trap, a four liter glass jar equipped with a
white plastic funnel with openings of 140 mm at
the large end and 20 mm at the narrow end.
Activity traps were suspended horizontally in the
water column 2040 cm from the surface at a
water depth of 50-100 cm deep close to the
shore line. Four activity traps were used per lake
and trapping was continuous over the breeding
season from the late May to late July each year.
The length of trapping periods varied somewhat
between years but all trapping procedures were
identical between lakes in each year.

The traps were usually emptied at weekly
intervals. Animals in catches were identified and
their size was assigned following the taxon list
and six length categories given by Nudds &
Bowlby (1984, table 2). For calculations of the
invertebrate abundance index, the number of in-
dividuals within each taxon was multiplied by
the mean size of its length category. The abun-
dance index of free-swimming invertebrates is
given per 100 trap days (see also Nummi &
Poysd 1993, 1995). The taxon composition of
activity trap catches corresponds reasonably well
with the diet of goldeneyes and perch (Table 1).
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3.3. Goldeneye

Goldeneye data are from the breeding seasons
1989-93. Since 1989 we have made routine
censuses of breeding pairs (two censuses in May
each year) and broods (six censuses in June—
August each year) in all lakes using the standard
point count and round count methods (Nummi &
Poysd 1993, 1995; for census methods and the
interpretation of observations as pair numbers
see Koskimies & Viisidnen 1991). Censuses were
made every second week between early May and
mid August each year.

Table 1. The percentage of individuals of different
invertebrate taxa in activity trap catches (pooled data
from 12 lakes and 4 years) and the occurrence of
invertebrate taxa in the diet of goldeneye adults and
downy ducklings and perch. Invertebrate taxon list
corresponds to Nudds & Bowlby (1984, table 2) com-
pleted with Notonectidae, Sialidae, Aranea and
Turbellaria. The occurrence of different prey taxon in
the diet of goldeneyes and perch are according to the
following sources: goldeneye adults, Cramp & Simmons
(1977); goldeneye ducklings, Eriksson (1976), Cramp
& Simmons (1977); perch, Rask (1983, 1984, 1986),
Rask & Arvola (1985).

Activity Goldeneye

Taxon traps (%)  Adults Ducklings Perch
Cladocera 26.9 X
Hydracarina 19.5 X X
Dytiscidae 13.0 X X
Corixidae 9.0 X X X
Oligochaeta 8.4
Chironomidae 4.8 X X X
Ephemeroptera 4.6 X X X
Copepoda 3.0
Odonata 29 X X X
Trichoptera 23 X X X
Isopoda 1.4 X X X
Gastropoda 1.0 X

Notonectidae 0.8 X X
Coleoptera 0.6 X X X
Diptera (other than

Chironomidae) 0.4 X X
Ceratopogonidae 0.4

Valvatidae 0.3 X

Lepidoptera 0.1
Turbellaria 0.1

Hirudinae 0.1 X
Hemiptera 0.1

Pelecypoda 0.1

Aranea 0.03 X X
Sialidae 0.01 X X
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After the division of the L. Iso Valkjérvi in
spring 1991 (see above) the occurrence of breed-
ing individuals (May observations) and broods
was recorded for both lake sides during each
census. Additional observations from extra visits
(invertebrate sampling, etc.) to the lake were
coded similarly and included in the analyses. If
the lake was visited more than once per day only
one observation per day was included.

4. Results

4.1. Overall relationship between goldeneye
density and pH

Neither the density of breeding pairs nor that of
broods showed an overall increase with increasing
lake acidity: average (1989-93; L. Iso Valkjirvi
excluded) pair density vs. lake pH, Kendall’s rank
correlation T = —0.249, 1-tailed P =0.074, N = 22;
average brood density vs. pH, T =-0.099, 1-tailed
P =0.422, N=22. Variation in lake size and habitat
structure did not affect these correlations because
goldeneye densities did not correlate with lake size
(pair density vs. the length of shore line, T =-0.135,
P =0.351, N = 22; brood density vs. the length of
shore line, T = 0.049, P = 0.713, N = 22) nor with
lakes’ position on a principal component axis de-
scribing the luxuriance of shore vegetation (habitat
scores from Nummi & Poysd 1993; pair density
vs. habitat score, T =0.306, P =0.069, N =22; brood
density vs. habitat score, T=0.107, P =0.419,
N =22).

4.2. Goldeneye density, perch density and in-
vertebrate abundance

In general, goldeneye pair density (T =0.769,
P =0.021, N = 12) and brood density (t=0.851,
P = 0.010, N = 12) increased with invertebrate
abundance (Fig. 1).

The three lakes studied in more detail differed
drastically in pH, perch density and invertebrate
abundance (see Fig. 2). These differences were
reflected in goldeneye densities so that both pair
density (Kruskal-Wallis test, H = 8.65, P = 0.013)
and brood density (H = 9.26, P = 0.010) were
highest in the lake with lowest pH and perch
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Fig. 1. Breeding pair density and brood density of
goldeneyes in relation to invertebrate abundance in 12
lakes. Bird densities and invertebrate abundance indi-
ces are given as log-transformed average values from
years 1989-92. Pair density is measured as the number
of pairs per km of shore line and brood density as the
number of broods per census per km of shore line.
Invertebrate abundance is measured as the modified
number of individuals per 100 trap days (see methods)

density and highest invertebrate abundance (Fig.
2). This result was consistent in all the four
years studied.

4.3. Response of goldeneyes to changes in perch
density

In the control side of the L. Iso Valkjarvi the
perch density crashed down from 1992 to 1993
(Fig. 3). Goldeneye pair density did not show
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Fig. 2. Estimated perch density (ind/ha) as well as average (+ SD) invertebrate abundance index, goldeneye pair
density and brood density in three lakes differing in pH. pH value is given below the name of each lake in the top-
left figure. Estimation of the perch density is explained in the methods. Invertebrate abundance, pair density and
brood density are measured as explained in the legend of Fig. 1 (N = 4 years for each lake).
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Fig. 3. Perch density (ind/ha), goldeneye pair density and goldeneye brood density in the limed and the control
side of the Lake Iso Valkjarvi in 1991-93. Average pair density and brood density of the goldeneye in the other
lakes (N = 52) of the study area in 1991-93 is also given. Pair and brood densities are measured as explained in
the legend of Fig. 1.
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any change associated with the crash in the perch
density but brood density increased from 1992 to
1993 (Fig. 3). It is noteworthy that, at the same
time, brood density in the limed side of the L. Iso
Valkjarvi and also in other lakes in the area
decreased (see Fig. 3).

We studied the effect of the perch crash on
goldeneyes in more detail by considering the
distribution of all observations of breeding indi-
viduals and broods between the two lake sides
before and after the perch crash (Fig. 4). Also
this analysis showed that breeding individuals
did not respond to the perch crash (Fishers test, P
= (0.68) whereas broods clearly increased the use
of the control side after the perch crash while the
use of the limed side decreased (G = 6.40, P <
0.05).

5. Discussion

We did not find a clear overall response of
goldeneye pair and brood density to lake pH in
pair-wise comparisons. However, when infor-
mation of fish density and invertebrate abun-
dance associated with lake pH was considered
clear responses were found: goldeneye densities
were consistently highest on the lake with lowest
pH and perch density and highest invertebrate
abundance. The lack of an overall association
between goldeneye density and lake acidity agrees
with our earlier findings based on the relative
abundance of breeding goldeneyes in a pooled
data from Finland and Sweden (Elmberg et al.
1994) but contradicts with results from Canada.
Based on presence/absence data of single visits
to lakes and pooled over breeding individuals
and broods DesGrances & Darveau (1985) found
in southern Quebec that the presence of
goldeneyes was strongly associated with lakes of
high acidity (pH < 5.5). Similarly based on pres-
ence/absence data Blancher et al. (1992) found
in central Ontario a negative pair-wise association
between breeding goldeneye pairs and lake pH
but not between broods and lake pH. Besides
differences in the accuracy of the goldeneye data
(density data vs. presence/absence data) there
were differences in the distribution of pH values
between our data and those from Canada: only
13.6% (N = 22) of our lakes had a pH < 5.5
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Fig. 4. The percentage use of the limed and the control
side of the Lake Iso Valkjarvi by breeding individuals
and broods of goldeneyes before and after the perch
crash of the control side. N gives sample size (number
of individuals or broods).

whereas 57.9% (N = 126) of those used by
DesGrances & Darveau (1985) and about 30%
(N =212) of those used by Blancher et al. (1992)
had a pH of that level. Accordingly, Canadian
data may have included more fishless lakes with
high invertebrate abundance than did our data
and, as a consequence, the association between
lake acidity and lake preference by goldeneyes
was stronger. Also the possible impacts of differ-
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ent fish faunas in the two continents have to be
kept in mind (see Tonn et al. 1990, McNicol &
Wayland 1992).

Both breeding pairs and broods of goldeneyes
showed a strong positive association with inver-
tebrate abundance. This result was obtained with
data pooled over four years but, especially in the
broods the result is repeated year-after-year (see
Nummi & Poysid 1993, 1994). A study based on
individually-marked goldeneye females has con-
firmed that invertebrate abundance is an impor-
tant factor affecting lake selection of broods in
our study area (Poysd & Virtanen 1994). In
Sweden Eriksson (1978) also found a correlation
between invertebrate abundance and lake prefer-
ence by goldeneye broods. In addition, in this
study lakes with steadily low pH, low perch den-
sity and high invertebrate abundance were pre-
ferred by breeding pairs and broods. McNicol &
Wayland (1992) concluded that goldeneye broods
preferred lakes with species-poor and acid-toler-
ant benthic fauna over the equally abundant and
species-rich but acid-sensitive fauna. These find-
ings indicate that lake acidification mediated
through changes in fish density and invertebrate
abundance may be an important factor affecting
habitat selection of goldeneyes.

The drastic decrease in perch density in the
control half of L. Iso Valkjarvi was in fact asso-
ciated with an increase in the abundance of some
invertebrate prey even though, in general, the
responses were not very strong just one year
after the perch crash (Rask et al., unpublished,
Nummi & Poysd, unpublished). Considering the
strong association between goldeneye densities,
especially of broods and invertebrate abundance,
some increase in the use of the control side after
perch crash was to be expected. Indeed, broods
clearly responded to the sudden decrease in perch
density but breeding individuals did not. In our
study area most goldeneye females breed in nest
boxes and if there is no nesting failure females
usually use the same nest box and nesting lake
year-after-year. By contrast, females usually do
not rear the brood in the nesting lake (POysd &
Virtanen 1994) and they may also easily change
the brood-rearing lake between successive years
(Poysd et al., unpublished). Breeding pairs may
thus be more fixed in their selection of the breed-
ing lake whereas lake selection during the brood

rearing phase may be more easily adjusted to the
prevailing environmental conditions each breed-
ing season. This of course is not to say that pH is
not an important factor affecting nest site selec-
tion of breeding pairs (see above and Mallory et
al. 1993). However, it may explain why broods
but not breeding pairs showed a rapid response
to the sudden decrease in perch density. It is also
possible that because goldeneye males aggres-
sively defend the breeding territory there simply
was no room for additional breeding individuals
in the lake.

Our results of the competitive interaction be-
tween the perch and goldeneye agree with those
of other studies. Eriksson (1979) found in Sweden
that fledged goldeneyes used more fishless lakes
than lakes with fish. Using experimental removal
of fish he also demonstrated that some aquatic
insects were sensitive to fish predation and that
fledged goldeneyes increased the use of a lake
after fish were removed. Eriksson (1983) also
found a negative association between fish abun-
dance and the occurrence of both adult and young
common goldeneyes. In Canada Eadie & Keast
(1982) demonstrated a high diet overlap between
common goldeneye ducklings and yellow perch
and a negative relationship between their abun-
dances. They also showed that food resources
actually were limited in some of the study sites
and that the coexistence of goldeneye ducklings
and yellow perch was associated with high re-
source abundance.

In conclusion, information of all elements in
the interaction network pH-fish density-inverte-
brate abundance-goldeneye density in lakes is
needed before conclusive analyses of the effects
of lake acidity on the interactions at higher trophic
levels can be made. Both breeding pairs and
broods of goldeneyes do respond in habitat se-
lection to invertebrate abundance and may thus
benefit, although with a different readiness, of
acidity-induced release in food competition after
the disappearance of fish competitors.
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