
1655

Limnol. Oceanogr., 44(7), 1999, 1655–1666
q 1999, by the American Society of Limnology and Oceanography, Inc.

The impact of larval and juvenile fish on zooplankton and algal dynamics

Pia Romare, Eva Bergman, and Lars-Anders Hansson
Department of Limnology, Ecology Building, University of Lund, S-223 62 Lund, Sweden

Abstract

The impact of young-of-the-year (YOY) fish predation on zooplankton dynamics and cascading effects down to
phytoplankton were studied in lake enclosures using different densities of larval and juvenile European perch (Perca
fluviatilis). Two experiments, one in June and one in August, were performed in Lake Dagstorpssjön, a slightly
eutrophic lake in Scania, southern Sweden. In our experiments, we found that in August, there was a negative
relation between YOY perch density and cladoceran biomass and between YOY perch density and cladoceran size.
Moreover, in August, both rotifer and algal abundance increased with increasing YOY density, and species com-
position of algae was affected. At high YOY densities, there was also a negative effect on water transparency. In
June, when growth of larval perch was slow and daphnid abundance low, larval perch was not the major structuring
force on either zooplankton or algal communities. In early summer, the likelihood of YOY perch having an impact
on cladoceran biomass is dependent on the timing of many factors. One factor is the timing between larval occur-
rence and the increase in large cladoceran biomass that will enhance larval growth. In late summer, however, a high
enough predation pressure of juvenile fish will prevent recovery of large herbivores after the midsummer decline
in zooplankton abundance and will drive the algal community toward a late summer species composition of small
algal cells and blue-green algae.

Most YOY fishes are planktivorous and may reach high
abundances in summer. Therefore, YOY fish are potentially
important regulators of zooplankton communities (Whiteside
et al. 1985; Cryer et al. 1986; Mills et al. 1987; De Vries
and Stein 1992; Qin and Culver 1995), and their effects may
cascade down to the phytoplankton (Mills et al. 1987; Kur-
mayer and Wanzenböck 1996). Bioenergetic models predict
that in several species, including percids and cyprinids, YOY
fish have a higher mass specific consumption rate than older
fish (Post 1990; Hewett and Johnson 1992; Karås and
Thoresson 1992) and that the mass specific consumption rate
is at its highest in larval fish and then decreases during the
first summer (Post 1990; Karjalainen et al. 1997). However,
few and to a large extent contradicting data exist regarding
the size and density at which YOY fish have an impact on
zooplankton and if this effect cascades down to phytoplank-
ton. Pond and enclosure experiments have shown that high
densities of larval walleye (Stizostedion vitreum), juvenile
gizzard shad (Dorosoma cepedianum), and European perch
(P. fluviatilis) may affect daphnid zooplankters in early and
midsummer (DeVries and Stein 1992; Qin and Culver 1995,
1996; Hülsmann and Mehner 1997). Long-term enclosure
experiments have shown that YOY fish continue to affect
daphnids throughout the summer (Post and McQueen 1987;
Kurmayer and Wanzenböck 1996). In field studies, similar
impacts of YOY fish on zooplankton have been observed in
late summer (Cryer et al. 1986; Mills et al. 1987; but see
Mehner et al. 1995) but not in early summer (Treasurer
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1992; Mehner 1996; Mehner et al. 1997). Mills et al. (1987)
and Kurmayer and Wanzenböck (1996) showed that the im-
pact of juvenile fish on zooplankton had a cascading effect
on phytoplankton biomass and community composition dur-
ing mid- and late summer. Post and McQueen (1987), how-
ever, found this effect to be weak.

The drastic decline in zooplankton abundance that is as-
sociated with the abrupt ending of the clear-water phase of
many eutrophic lakes (Lampert et al. 1986) has been attri-
buted to YOY fish predation (Whiteside 1988; Gliwicz and
Pijanowska 1989; but see Luecke et al. 1990; Rudstam et al.
1993). Hence, if YOY fish affect zooplankton and algal dy-
namics at the time of the clear-water phase, YOY predation
may drive the zoo- and phytoplankton communities into the
late summer stage, characterized by small-sized herbivores,
small edible algae, and later blue-green algal blooms (Som-
mer et al. 1986) and reduced water transparency. There are
few studies focusing on the impact of different ontogenetic
stages of YOY fish at densities natural for northern temper-
ate lakes. This issue is of utmost importance in situations
when YOY fish are released from competition from adult
planktivore fish, e.g., after large-scale fish removals, such as
fish kills or biomanipulations. The abundance of YOY fish
(e.g., European perch and roach (Rutilus rutilus) generally
increases considerably after biomanipulation (Meijer et al.
1994; Benndorf 1995; Romare and Bergman in press), and
thus, the effects of YOY fish may become a major problem
after a biomanipulation (Meijer et al. 1994; Benndorf 1995).

In this study, we examined the effect of early and late
stages of YOY European perch on zoo- and phytoplankton
dynamics. To do this, we used natural densities of perch in
two enclosure experiments. The first experiment was carried
out between late May and early July (‘‘the June experi-
ment’’), and the second experiment was carried out in the
same lake during early August to early September (‘‘the Au-
gust experiment’’). Our results were not compared with the
impact of YOY fish in the lake, since we had no lake data
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Table 1. Experimental design of the enclosure studies in Lake Dagstorpssjön in the June and August 1996 experiments, showing the
stocking, final and average daily abundance (No. m23) of YOY perch (P. fluviatilis), average daily biomass (g m23), and average daily
mean size and final mean size (mm 6 SE). Perch larvae were 7.8 6 0.1 mm long at the start of the June experiment, and 45.5 6 0.3 mm
at the start of the August experiment.

June

Stocking
abund.

Final
abund.

Average
daily

abund.

Average
daily

biomass

Average
daily
size Final size

August

Stocking
abund.

Final
abund.

Average
daily

abund.

Average
daily

biomass

Average
daily
size Final size

(No. m23) (g m23) (mm) (No. m23) (g m23) (mm)

0
1.4
1.4
1.6
2
2.2
2.4
3
4
5
7

20

0
0.6
0.6
0.8
1
1.2
1.2
1.4
2.2
2.2
3.4

10.4

0
0.9
0.9
1.1
1.4
1.6
1.7
2.1
3.0
3.4
4.9

14.5

—
0.06
0.06
0.06
0.06
0.10
0.13
0.12
0.16
0.12
0.08
0.42

16
17
16
16
16
18
17
16
14
12
14

—
29 6 1
31 6 1
27 6 2
26 6 2
28 6 1
32 6 1
30 6 2
28 6 2
23 6 2
17 6 0.5
20 6 0.4

0*
0.4
0.4
0.4
0.4
1
1
1
1
2
2
2
2

0
0.2
0.2
0.4
0.4
0.4
0.4
0.6
0.8
1.4
1.6
1.6
1.6

0
0.3
0.3
0.4
0.4
0.6
0.6
0.8
0.9
1.7
1.8
1.8
1.8

—
0.7
0.6
1.0
1.0
1.4
1.3
1.7
1.3
2.3
2.3
2.0
2.4

63
59
62
62
61
60
60
54
52
51
51
52

—
75
67

73 6 3
73 6 4
71 6 0
69 6 0
69 6 3
60 6 1
57 6 1
55 6 2
55 6 2
55 6 2

* In August, four fishless enclosures were used.

on YOY fish densities. The main aim of the study was to
compare the impact of YOY perch on plankton dynamics
along a gradient of fish densities and between early and late
summer conditions. We also tested the hypothesis that YOY
perch should have a lower impact in late than in early sum-
mer because of the lower mass specific consumption rate of
later stages of YOY perch. The maximum consumption rate
at 188C is 3–10 times lower for YOY perch weighing 1–3
g (WW) than for larval perch weighing 0.01–0.1 g, i.e., 0.2–
0.25 g g21 d21 in August compared to 0.75–2 g g21 d21 in
June (Post 1990; Karjalainen et al. 1997).

Study area

Dagstorpssjön is a slightly eutrophic and humic lake sit-
uated in the middle of Scania, southern Sweden. The lake
area is 0.48 km2, maximum depth is 5 m, and mean depth
is 2.8 m. Sparsely rooted vegetation grows in the shallow
parts of small bays, but most of the shorelines are stony and
steep. The fish community is dominated by roach (R. ruti-
lus), white bream (Blicca bjoerkna), bream (Abramis bra-
ma), and perch (P. fluviatilis). The zooplankton community
is characterized by relatively high numbers of rotifers in the
spring and has a summer community consisting of cladoc-
erans (mainly Bosmina coregoni and Daphnia cucullata) and
copepods (mainly cyclopoid copepods) (Gelin et al. 1981).

Materials and methods

In the June experiment, we suspended 12 plastic bags (1.6
m in diameter, 2.5 m deep, 5-m3 volume, with a sealed bot-
tom) from floating wooden frames in a small, 3–4-m-deep
bay of Lake Dagstorpssjön. Enclosures were filled with lake
water on 29 May 1996. Lake water was filtered through a

0.5-mm mesh to prevent fish larvae from entering the en-
closures. Most lake zooplankton, including Daphnia, was
small sized at that time and thus not hindered by the mesh.
We randomly assigned enclosures to different fish densities.
YOY fish were added to the enclosures on 30 May 1996 in
densities ranging from low (0 YOY m23) to high (20 YOY
m23), with emphasis on densities around one to three YOY
m23 (Table 1). We used perch larvae that were hatched in
the laboratory from field-obtained roe and reared them in
aquaria for 3 weeks at ambient lake water temperatures. Due
to very low spring water temperatures, perch larvae had only
reached a mean total length (TL) of 7.8 mm 6 0.1 (SE) at
the start of the experiment, and the mean initial weight was
calculated to be 0.003 g using length/weight regression
(Mooij et al. 1994). To test for handling mortality, which we
expected to be high, larval fish were transported and handled
the same way as the fish that were added to the enclosures,
only these fish were added to aquaria. Directly after trans-
port, the mortality was 20%, and after 24 h in the aquaria,
the total mortality was around 75%.

The June experiment lasted 5 weeks; we first sampled on
29 May, before fish were added, and then every fifth day
until 3 July, a total of eight samplings. At each sampling
date, we measured Secchi depth and collected water samples
to estimate Crustacean zooplankton abundance in both en-
closures and the lake. Rotifers and phytoplankton were sam-
pled at the start, middle, and end of the experiment. Water
from each enclosure and from the lake was sampled with a
2-m-long tube sampler, with a diameter of 48 mm. A total
of 10 liters of water was filtered through a 45-mm mesh net,
and zooplankton were preserved in 4% formalin. A subsam-
ple (100 ml) was taken and preserved in Lugol’s solution
for phytoplankton analysis. At the end of the experiment,
enclosures were drained, the water sieved through a 0.5-mm
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mesh, and all fish collected. Lake water temperature was
recorded continuously using a temperature logger suspended
from one of the wooden frames at 0.5-m depth.

In the laboratory, fish were counted, and TL and WW
were measured to the nearest millimeter and 0.01 g, respec-
tively. Because YOY fish were stored in alcohol before be-
ing weighed in June, biomass values were corrected for loss
of fat using a conversion factor estimated from weighing the
August samples before and after preservation. Zooplankton
were counted at 340 magnification, and at least 20 individ-
uals were measured to the nearest 0.02 mm. Zooplankton
biomass was estimated from length/weight regressions ob-
tained from Bottrell et al. (1976). For phytoplankton analy-
sis, permanent slides were made using HPMA (2-hydroxy-
propyl-metacrylate with the catalyst azo-bis-iso-butyronitrile;
Crumpton 1987). Algae were counted at 3250 magnifica-
tion, and at least 200 individuals were counted from each
sample.

In the August experiment, we used 16 enclosures (of the
same size and situated at the same site as in June). The
enclosures were filled with lake water sieved through a 2-
mm mesh on 2 August 1996, and YOY fish, caught with a
dip net in Lake Ringsjön, a nearby lake, were added 4 d
later. Fish were added at four densities: 0, 0.4, 1, and 2 fish
m23 (Table 1). Each treatment was replicated four times. We
used juvenile perch with a mean length of 45.5 mm 6 0.3
(SE) and a mean weight of 0.8 g 6 0.02 (SE). The August
experiment lasted 4 weeks; we first sampled on 6 August
(before fish were added) and then once a week, for a total
of five samplings. Sampling and analysis were performed as
in the June experiment.

Because of high YOY mortality, treatments are hereafter
labeled after average daily densities (per cubic meter) (Table
1). Average daily density of YOY perch was calculated from
initial and final density in each enclosure using an exponen-
tial decay function (Nt 5 N0emt), where m is mortality. To
make Figs. 1 and 2 and the discussion of results easier to
grasp, enclosures with similar densities (per cubic meter) of
YOY perch were pooled into groups. The groups were ex-
pressed as the mean of the densities. In June, there were five
groups: 0 YOY m23 (n 5 1), 1.0 YOY m23 (n 5 3), 1.6
YOY m23 (n 5 3), 2.8 YOY m23 (n 5 3), and 9.7 YOY
m23 (n 5 2). In August, there were four groups: 0 YOY m23

(n 5 4), 0.3 YOY m23 (n 5 4), 0.7 YOY m23 (n 5 4), and
1.8 YOY m23 (n 5 4). Average daily size of YOY perch
was calculated from initial mean size, and final size for each
individual fish using an exponential function (Nt 5 N0egt),
where g is growth in millimeters. Since we did not have
reliable weight data for all sizes of fish, we did not use
length/weight regressions to calculate average individual
daily biomass of YOY perch. This was instead calculated
from initial mean weight and final weight for each individual
fish using the same exponential function as for size, where
g is growth in grams (WW). The total average biomass
(grams per cubic meter) for each enclosure was then calcu-
lated based on the sum of the individual weights plus ad-
ditional mean weights to compensate for the mortality (the
difference between average numbers of YOY and final num-
bers).

Statistical methods—At the end of both the June and Au-
gust experiments, we had a gradient in numbers of YOY
among enclosures. Therefore, we used regression analysis to
test if total zooplankton, cladoceran, Daphnia, and copepod
biomasses at the different sampling dates, as well as cladoc-
eran size, could be explained by YOY average daily density.
We also tested if final rotifer and algal abundances were
explained by YOY average daily densities and if final algal
abundances were explained by final cladoceran or rotifer bio-
mass. Since many regression analyses were performed, we
limited the analysis to five dates, and we applied the Bon-
ferroni correction to the significance level. All zooplankton
biomass data were log transformed. When testing for differ-
ences in Secchi depth between treatments in August, and
when testing for differences in initial cladoceran biomass
and abundance between the June and August experiments,
analysis of variance (ANOVA) was used. For all tests, the
statistical package Systat was used (Wilkinson 1992).

Results

YOY density and biomass—YOY fish densities at the end
of the June experiment varied between 0.6 and 10.4 YOY
m23, and average daily densities varied between 0.9 and 14.5
YOY m23 (Table 1). YOY average daily total biomass varied
between 0.06 and 0.42 g m23 (Table 1). Mean fish size at
the end of the experiment varied between 17 and 32 mm,
and average daily size varied between 12 and 18 mm (Table
1). In the high-density enclosures, most larvae had not
reached 20 mm by the end of the experiment. Fish densities
in the enclosures at the end of the August experiment varied
between 0.2 and 1.6 YOY m23, and average daily densities
varied between 0.3 and 1.8 YOY m23 (Table 1). YOY av-
erage daily total biomass varied between 0.6 and 2.4 g m23

(Table 1). Mean fish size at the end of the experiment varied
between 55 and 75 mm, and average daily size varied be-
tween 51 and 63 mm (Table 1).

Zooplankton community composition—In the June exper-
iment, the percentage compositions of taxonomic groups in
the zooplankton community were similar among treatments.
The small cladoceran B. coregoni dominated zooplankton
biomass in all enclosures throughout the experiment, except
for a temporary increase in cyclopoid copepods during the
first and/or second week (Fig. 1). During the first weeks of
the experiment, Bosmina and cyclopoid copepods were also
the dominant zooplankters in the lake (Fig. 1). Thereafter,
the share of cladocerans was higher in the enclosures than
in the lake, except on the last date (Fig. 1).

In the August experiment, the zooplankton community
composition changed with time, and this change varied
among treatments (Fig. 1). At the start of the experiment,
cyclopoid copepods dominated zooplankton biomass in all
enclosures as well as in the lake. At the highest mean av-
erage density of YOY fish (1.8 YOY m23), cyclopoid cope-
pods continued to dominate throughout the experiment,
whereas at all other densities (0–0.7 YOY m23), as well as
in the lake, the share of cyclopoid copepods decreased, and
the share of cladocerans (D. cucullata, Ceriodaphnia quad-
rangula, and B. coregoni, hereafter referred to as Daphnia,
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Fig. 1. Development of the zooplankton community, described as the percentage of total bio-
mass of the following groups: Daphnia, Ceriodaphnia, Diaphanosoma, Bosmina, other herbivores
(calanoid copepods and Chydorus), and mainly cyclopoid copepods (including the carnivorous cla-
doceran Polyphemus) at different YOY fish density groups (mean of average daily density, m23).
To make figures easier to grasp, fish abundances from several enclosures were pooled into groups,
expressed as the mean of these abundances. In June, n 5 1, 3, 3, 3, and 2, respectively, and in
August, n 5 4 in all groups. Data are from the enclosure studies in Lake Dagstorpssjön in June
(left), August (right) 1996, and from the lake.

Ceriodaphnia, and Bosmina) increased (Fig. 1). The lower
the density of YOY fish, the earlier cladocerans dominated
the zooplankton biomass (Fig. 1). In the treatment without
YOY fish, cladocerans reached 60% of total zooplankton
biomass after 1 week. At 0.3 YOY m23, cladocerans reached

70% after 2 weeks, and at 0.7 YOY m23, cladocerans
reached 50% of total zooplankton biomass by the end of the
experiment (Fig. 1). Even within cladocerans, there were
treatment differences by the end of the experiment. The
share of daphnids (Daphnia and Ceriodaphnia) decreased
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Fig. 2. The development of biomasses (mg liter21 6 SE), of total zooplankton (cladocerans and
copepods), total cladocerans, and Daphnia at different YOY fish density groups (mean of average
daily density, m23) in Lake Dagstorpssjön, in the June experiment (left) and in the August experi-
ment (right), 1996. Also shown is the development of Ceriodaphnia and Bosmina biomass in the
August experiment. Since Daphnia biomass was very low in the June experiment, and Ceriodaphnia
was absent, the graph on total cladoceran biomass also represents the development of Bosmina
biomass in June. For explanation of groups, see Fig. 1.

with increasing YOY fish density, from nearly 50% of cla-
doceran biomass in the treatments with no fish and low fish
density to ,10% in the medium and high fish treatments
(Fig. 1).

Zooplankton abundance and biomass—In the June exper-
iment, zooplankton biomass (i.e., mainly the cladoceran Bos-

mina) developed differently among enclosures (Fig. 2).
However, average daily density of larval fish in the enclo-
sures could not explain these differences in total zooplank-
ton, cladoceran, Daphnia, and copepod biomass at any date
(Table 2).

In the August experiment, both total zooplankton and cla-
doceran biomass differed across YOY fish densities (Fig. 2).
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Table 2. Linear regression of the effects of average daily YOY
perch density (No. m23) on the biomass (mg m23) of total zooplank-
ton, cladocerans, Daphnia, and copepods in the June 1996 experi-
ment at Lake Dagstorpssjön. Biomass values were log transformed
(Daphnia biomass log(x 1 1)). With the Bonferroni correction, the
significant level was set to 0.01 (0.05/5). NS, not significant.

Date F df P

Total zooplankton
29 May
08 Jun
18 Jun
28 Jun
03 Jul

0.0
2.5
3.5
1.7
3.0

1,10
1,10
1,10
1,10
1,10

0.975 (NS)
0.142 (NS)
0.092 (NS)
0.222 (NS)
0.115 (NS)

Cladocerans
29 May
08 Jun
18 Jun
28 Jun
03 Jul

0.0
0.5
4.1
1.5
1.9

1,10
1,10
1,10
1,10
1,10

0.897 (NS)
0.503 (NS)
0.071 (NS)
0.247 (NS)
0.201 (NS)

Daphnia
29 May
08 Jun
18 Jun
28 Jun
03 Jul

5.5
3.0
0.3
0.6
1.3

1,10
1,10
1,10
1,10
1,10

0.041 (NS)
0.113 (NS)
0.594 (NS)
0.459 (NS)
0.280 (NS)

Copepods
29 May
08 Jun
18 Jun
28 Jun
03 Jul

0.0
1.4
1.2
1.1
2.3

1,10
1,10
1,10
1,10
1,10

0.979 (NS)
0.269 (NS)
0.302 (NS)
0.312 (NS)
0.163 (NS)

Table 3. Linear regression of the effects of average daily YOY
perch density (No. m23) on the biomass (mg m23) of total zooplank-
ton, cladocerans, Daphnia, and copepods in the August 1996 ex-
periment at Lake Dagstorpssjön. Biomass values were log trans-
formed (log(x 1 1)). With the Bonferroni correction, the significant
level was set to 0.01 (0.05/5). NS, not significant.

Date F df P

Total zooplankton
06 Aug
13 Aug
20 Aug
27 Aug
03 Sep

0.31
10.3
11.8
15.8
36.0

1,14
1,14
1,14
1,14
1,13

0.585 (NS)
0.006
0.004
0.001
0.001

Cladocerans
06 Aug
13 Aug
20 Aug
27 Aug
03 Sep

1.3
38.3
71.4

112.3
44.0

1,14
1,14
1,14
1,14
1,13

0.266 (NS)
0.001
0.001
0.001
0.001

Daphnia
06 Aug
13 Aug
20 Aug
27 Aug
03 Sep

1.9
16.0
29.9
27.5

8.0

1,14
1,14
1,14
1,14
1,13

0.186 (NS)
0.001
0.001
0.001
0.014 (NS)

Copepods
06 Aug
13 Aug
20 Aug
27 Aug
03 Sep

0.5
0.3
0.5
2.2
5.3

1,14
1,14
1,14
1,14
1,13

0.478 (NS)
0.581 (NS)
0.501 (NS)
0.161 (NS)
0.038 (NS)

Fig. 3. The development of total zooplankton (cladocerans and copepods), Daphnia, Cerioda-
phnia, and Bosmina biomasses (mg liter21) in Lake Dagstorpssjön during the summer of 1996.

In contrast to in the June experiment, this difference in bio-
mass among enclosures could be explained by the difference
in average daily YOY density (Table 3). The effect of YOY
fish density on total zooplankton, cladoceran, and Daphnia
biomass was detected already after 1 week; at each date,
zooplankton biomass decreased with increasing YOY fish
density (Table 3). At the start of the August experiment,
cladoceran and total zooplankton biomasses were low in all

enclosures as well as in the lake (Figs. 2, 3). After the first
week, cladoceran biomass increased in all treatments except
in the high-density treatment (Fig. 2). There was also a tem-
porary increase in copepod biomass in the low and medium
density treatments after 1 week, which is reflected in the
increase in total zooplankton at the same time (Fig. 2). Cope-
pod biomass then decreased and remained unchanged
throughout the rest of the experiment. Daphnia numbers and
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Fig. 4. The abundance (liter21 6 SE) of rotifers at different YOY fish density groups (average
daily density, m23) in the enclosures (closed square) and in the lake (cross) in Lake Dagstorpssjön
at the end of the August 1996 experiment.

Table 4. Linear regression of the effects of average daily YOY
perch density (No. m23) on the length (mm) of total cladocerans in
the June and August 1996 experiments at Lake Dagstorpssjön. With
the Bonferroni correction, the significant level was set to 0.01 (0.05/
5). NS, not significant.

Date F df P R2

29 May
08 Jun
18 Jun
28 Jun
03 Jul

0.1
0.2
1.6
6.7
6.6

1,10
1,9
1,10
1,10
1,9

0.775 (NS)
0.630 (NS)
0.239 (NS)
0.027 (NS)
0.031 (NS)

0.01
0.03
0.14
0.40
0.42

06 Aug
13 Aug
20 Aug
27 Aug
03 Sep

0.2
4.7

26.6
32.4
57.2

1,14
1,14
1,13
1,14
1,13

0.688 (NS)
0.047 (NS)
0.001
0.001
0.001

0.01
0.25
0.67
0.70
0.82

biomass also increased during the first week in treatments,
with no or low density of YOY fish, but decreased at the
end of the experiment (Fig. 2). In the treatments with me-
dium and high YOY fish density, Daphnia numbers and bio-
mass decreased from the first week (Fig. 2). Initial cladoc-
eran biomass in the August experiment was higher than in
the June experiment (ANOVA: F1,26 5 17.05, P , 0.001),
while initial cladoceran abundance did not differ (ANOVA:
F1,26 5 1.87, P 5 0.183). Initial total zooplankton biomass
was also higher in August (Fig. 2). The higher biomass in
August was due to a higher abundance of daphnids and cy-
clopoid copepods (Figs. 1, 2).

Final rotifer abundance varied between 2 and 330 ind li-
ter21 in the June experiment, but there was no effect of av-
erage daily larval density on rotifer abundance (linear re-
gression: F1,10 5 0.18, P 5 0.91, R2 5 0.00). In August, final
rotifer abundance was higher in the enclosures than in the
June experiment, up to 820 ind liter21 (Fig. 4), and final
rotifer abundance increased with increasing average daily
YOY density (linear regression: F1,13 5 106.7, P , 0.001).
The increase in rotifer numbers was mainly due to an in-
crease in Keratella cochlearis.

In the lake, cladoceran biomass remained low until the
end of June, when there was an increase in first, Daphnia,
and later, Bosmina biomass (Fig. 3). Cladoceran biomass
crashed in early July, and copepods dominated zooplankton
biomass during July. In August, the development of zoo-
plankton in the lake resembled that of the enclosures with
no fish or low density of YOY fish (Figs. 2, 3).

Zooplankton size—In the June experiment, initial cladoc-
eran lengths were 0.2–0.25 mm (Bosmina), and in the Au-
gust experiment, they were 0.35 (Bosmina) 2 0.7 mm
(Daphnia). In June, there seemed to be a weak effect of
larval fish density on cladoceran size toward the end of the
experiment; cladoceran size decreased with increasing larval
fish density. However, if the Bonferroni correction is applied
and the significant level is set to 0.01, this effect is nonsig-
nificant (Table 4). Only the size of Bosmina was included in
this test since the Daphnia sp. were too few in June to allow
for a test on size. In August, the density of YOY fish had
an effect on the size of total cladocerans (including Daphnia,
Ceriodaphnia, and Bosmina). Total cladoceran size de-
creased with increasing YOY density from the third sam-
pling date and onward (Table 4).

Phytoplankton—In the June experiment, common algal
species were Cryptomonas sp. and Rhodomonas sp. as well
as unidentified small cells with a GALD (greatest axilar lin-
ear dimension) of ,5 mm (hereafter called small algal cells).
Final algal abundance varied among treatments: total algae
(484–1,919 ind liter21), Cryptomonas sp. (0–190 ind liter21),
Rhodomonas sp. (7–1,516 ind liter21), and small algal cells
(132–1,524 ind liter21). However, no trends in abundance of
any algal group were recorded among larval fish treatments
at the end of the June experiment, and there was no effect
of average daily larval density on total algal, cryptomonad,
or small algal cell abundance (linear regression: total algae
F1,10 5 1.06, P 5 0.33, R2 5 0.10; cryptomonads F1,10 5
0.15, P 5 0.711, R2 5 0.01; and small algal cells F1,10 5
2.10, P 5 0.178, R2 5 0.17). Nor was there any effect of
cladoceran density on algae abundance at the end of the
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Fig. 5. The abundance (liter21 6 SE) of Cryptomonas (closed square) and Rhodomonas (open
circle) (a), small algal cells (unidentified) (b), blue-green algae (c), and Peridinium (closed square)
and Dinobryon (open circle) (d) at different YOY fish density groups (average daily density, m23)
in Lake Dagstorpssjön at the end of the August 1996 experiment. The abundance of Cryptomonas
and Rhodomonas (cross C and cross R), small algal cells (cross), blue-green algae (cross), and
Peridinium and Dinobryon (cross P and cross D) in Lake Dagstorpssjön at the last sampling date
in August is also shown in each diagram.

experiment (linear regression: total algae F1,10 5 0.32, P 5
0.587, R2 5 0.03; cryptomonads F1,10 5 2.48, P 5 0.146,
R2 5 0.20; and small algal cells F1,10 5 1.62, P 5 0.231, R2

5 0.14) or of rotifer densities (total algae F1,10 5 1.49, P 5
0.250, R2 5 0.13; cryptomonads F1,10 5 0.86, P 5 0.377,
R2 5 0.08; and small algal cells F1,10 5 0.03, P 5 0.857, R2

5 0.00). In the August experiment, final total algae abun-
dance was nearly twice as high as in the June experiment
(888–3,392 ind liter21). Cryptomonas sp. and Rhodomonas
sp. were dominant species in treatments with low YOY fish
abundance (Fig. 5a). Cryptomonas and Rhodomonas de-
creased in abundance with increasing average daily YOY
density, whereas small algal cells (Fig. 5b), as well as Per-
idinium sp. and Dinobryon sp. (Fig. 5c), all increased with
increasing fish density (linear regression: cryptomonads F1,14

5 12.80, P 5 0.003; small algal cells F1,14 5 15.81, P ,
0.001; and Peridinium sp. and Dinobryon sp. F1,14 5 29.80,
P , 0.001). Blue-green algal (Anabaena, Microcystis, and
Pseudanabaena) abundances increased with increasing av-
erage daily YOY density (Fig. 5d, linear regression: blue-
green algae F1,14 5 10.54, P 5 0.006). The change in algal
species composition, i.e., the decrease in cryptomonads and
the increase in small algal cells, could also partly be ex-

plained by decreasing cladoceran biomass (linear regression:
cryptomonads F1,13 5 14.6, P 5 0.002, R2 5 0.53, and small
algal cells F1,13 5 22.78, P , 0.001, R2 5 0.64) and by the
increase in rotifer abundance (linear regression: cryptomon-
ads F1,13 5 11.41, P 5 0.005, R2 5 0.47, and small algal
cells F1,13 5 12.56, P 5 0.004, R2 5 0.49). The abundance
of cryptomonads, blue-green algae, Peridinium sp., and Di-
nobryon sp. in the lake at the end of the August experiment
was similar to that of the no-fish enclosures (Fig. 5).

Secchi depth and temperature—In the June experiment,
Secchi depth increased in all enclosures during the first
weeks and showed little variation among treatments at the
end of the June experiment (Fig. 6). In the August experi-
ment, Secchi depth increased and reached the bottom of en-
closures within 2–3 weeks in the no-fish and low and me-
dium fish densities (Fig. 6). At high densities, however,
Secchi depth did not increase after the first week and re-
mained low throughout the experiment. At the end of the
experiment, Secchi depth was considerably lower in the
treatment with the high YOY fish density than in the other
treatments (ANOVA: F3,12 5 37.23, P , 0.001, and Tukey’s
post hoc test: P , 0.001). Secchi depth in the enclosures in
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Fig. 6. Development of mean Secchi depth (m 6 SE) at different YOY fish densities (mean of
average densities, m23) in the June (upper) and August (lower) experiments in Lake Dagstorpssjön
in 1996. The bottom of the enclosure was visible when Secchi depths were .2.5 m. For explanation
of groups, see Fig. 1.

both the June and August experiments was higher than in
the lake from the second sampling date and onward, prob-
ably because of higher sedimentation rates of suspended
matter.

The mean water temperature was lower in the June ex-
periment than in the August experiment, with a mean tem-
perature of 17.58C 6 0.4 (SE) in June and 20.28C 6 0.1
(SE) in August.

Discussion

In this study, we were able to evaluate how different on-
togenetic stages of YOY perch structured the early and late
summer plankton communities. The two experiments were

performed under conditions that represented late spring/early
summer and mid/late summer conditions in a northern tem-
perate lake. Water temperatures in late spring 1996 were
unusually low, and during the first week of the June exper-
iment, the water temperature was still ,158C. YOY perch
were still in the larval stage, and cladoceran biomass was
increasing. Our August experiment was carried out after the
midsummer decline in zooplankton abundance, when cla-
doceran biomass had again started to increase (Fig. 3) and
when water temperatures were high, and perch had become
fully developed juveniles.

In the August experiment, average densities as low as 0.3
YOY fish m23 (0.7 g m23) affected the recovery of Daphnia
after the midsummer decline. Other enclosure studies have
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shown that densities of two to three YOY perch m23 sup-
press Daphnia biomass throughout the summer (Kurmayer
and Wanzenböck 1996; Hülsmann and Mehner 1997),
whereas our experiment showed that Daphnia recovery was
totally suppressed at mean YOY fish densities of 0.7 YOY
m23. There was also a gradual change in cladoceran species
composition as a result of increasing YOY fish density in
the August experiment. This shift from large to small zoo-
plankton species with increasing fish predation is well
known from studies of adult fish in general (Brooks and
Dodson 1965; Lynch and Shapiro 1981; Ramcharan et al.
1996) as well as from a study of YOY yellow perch (Post
and McQueen 1987).

In August, the effects of YOY fish predation also cascaded
down to the algal community. The increase in abundance of
small algal cells (,5 mm) and blue-green algae at higher
fish densities was most likely a result of the decreased abun-
dance, and thereby grazing pressure, from the macrozoo-
plankters. It is also possible that the increase in nutrient input
from fish excretion affected the algal community (Vanni and
Findlay 1990). However, the algal genera Cryptomonas and
Rhodomonas showed the opposite response and decreased
with increasing fish density. This unexpected result may be
due to the increased importance of rotifer grazing. In contrast
to macrozooplankton, rotifer abundance was positively af-
fected by increasing fish density in the August experiment,
probably because of decreased competition from larger cla-
docerans with increasing fish density. We found that the
cryptomonad abundance was negatively correlated to rotifer
density. According to Pourriot (1977), K. cochlearis, which
was one of the dominant rotifer species, feeds mainly on
chrysomonads and cryptomonads. Hence, a possible expla-
nation for the decrease in cryptomonad abundance as fish
biomass increased was grazing by a growing Keratella pop-
ulation. The increase in abundance of small algal cells and
in blue-green algae led to a decrease in water transparency
in the high-density treatment. Previous studies have also
shown that YOY fish at high densities (.1.5 YOY m23), but
not at low densities, result in decreased Secchi depth (Post
and McQueen 1987; Kurmayer and Wanzenböck 1996).

In the June experiment, larval fish density could not ex-
plain the variation in cladoceran, copepod, or phytoplankton
densities found among enclosures, which was contrary to our
predictions. However, the result is in agreement with a field
study of larval perch (,20 mm) (Treasurer 1992) and with
an enclosure study on larval gizzard shad (15–23 mm, 0–60
m23) (Welker et al. 1994). In the study on gizzard shad,
however, copepod biomass was affected by larval predation.

There are several factors that may explain why predation
from perch larvae alone was not a major structuring force
in our June experiment. For one thing, the low temperature
in June probably delayed development of larger cladoceran
species in spring/early summer (Sommer et al. 1986) by af-
fecting the population dynamics of daphnids negatively
(Luecke et al. 1990; Boersma and Vijverberg 1996). The fact
that the initial zooplankton community consisted of fewer
and smaller cladoceran species in the June compared to the
August experiment may have influenced the outcome of our
June experiment directly through a reduced ability of the fish
to detect such small-sized cladocerans (Kerfoot 1980; Gli-

wicz and Pijanowska 1989), as well as through a lower effect
of predation on the production of small-sized cladocerans
(Vanni 1987). Another process that could have been oper-
ating in our enclosures is predation from fourth instar Chao-
borus larvae, which also feed on cladocerans (Moore et al.
1994). Since Daphnia numbers did not increase in any of
our enclosures, not even in the fishless or low-density treat-
ments, we do not consider it likely that predation by larval
fish alone was responsible for this lack of increase. Chao-
borus larvae, however, were observed, but not quantified, in
the lake and in some of our enclosures in June, including
the fishless enclosure. The presence of this additional source
of predation may also explain the large variation in Bosmina
biomass among treatments. Fourth instar Chaoborus larvae
were not present in the August experiment.

A final factor that could have affected the outcome of the
June experiment is the combination of low water temperature
and lack of larger cladoceran species, which would have led
to poor growth by larval perch (Romare pers. comm.). The
resulting small-sized YOY would have had less of an effect
on the zooplankton community, since, during the early on-
togeny of perch, the ability to move and orient, as well as
to detect, capture, and digest large prey, improves with body
size as fins, gape size, and sensory and digestive systems
develop (Blaxter 1986; Govoni et al. 1986; Miller et al.
1988, 1992, 1993). Also, because of the slow growth, we
had consistently lower average daily biomasses of YOY
perch in the June experiment than in the August experiment,
and thus, predation rates in the two experiments are not re-
ally comparable. In August, the predation effect of YOY
perch on Bosmina was evident at an average daily biomass
of 2 g m23, which is five times higher than the YOY biomass
used in the highest density treatment in June. So even if the
maximum mass specific consumption rate of an equal bio-
mass of YOY perch was three to four times higher in the
June than in the August experiment (Post 1990; Karjalainen
et al. 1997), only the highest density treatment in June
should have been expected to exert a predation pressure on
zooplankton similar to that of the 2-g m23 treatment in Au-
gust.

Recent studies indicate that the impact of YOY fish on
Daphnia in early summer is a function of Daphnia biomass
and production, YOY fish biomass, and time of maximum
predation (Post and Kitchell 1997; Mehner et al. 1998a).
According to Mehner et al. (1998b), maximum predation by
YOY fish occurs when YOY are large enough to selectively
prey on large, mature daphnids, and the timing of peak pre-
dation will thus be influenced by species-specific variation
in spawning time, initial size, and gape size of the fish (Kur-
mayer and Wanzenböck 1996; Mehner et al. 1998b). Al-
though we did not evaluate the impact of larval perch on
daphnids in this study, our experiment indicates that the
growth of larval perch is enhanced by the occurrence of
larger cladocerans in the diet (Romare pers. comm.). Thus,
we suggest that the timing of peak predation of perch is also
dependent on the occurrence and abundance of larger cla-
doceran species that may enhance perch growth during the
larval stage.

During mid- and late summer, zooplankton dynamics in
enclosures have been shown to be affected by predation of
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juvenile fish: both juveniles of the piscivorous European
perch (Kurmayer and Wanzenböck 1996; Hülsmann and
Mehner 1997; this study) and juveniles of planktivorous or
omnivorous fish such as yellow perch (Perca flavescens),
gizzard shad, roach, and bleak (Alburnus alburnus) (Post and
McQueen 1987; Dettmers and Stein 1996; Kurmayer and
Wanzenböck 1996). Thus, the combination of many species
reaching the juvenile stage at the same time and the high
water temperatures in mid- and late summer increases the
likelihood that high densities of juvenile fish will have an
impact on large Daphnia. Still, species-specific differences
in foraging behavior and gape size will play an important
role in determining the impact of different species on lower
trophic levels (Kurmayer and Wanzenböck 1996). However,
it is important to consider that enclosures are artificial sys-
tems, forcing zooplankton to be continually affected by
YOY fish. Processes involving ontogenetic habitat shifts of
YOY fish and migrations of both fish and zooplankton will
modify the impact of YOY fish in a natural system; thus,
these processes also need to be considered. When we com-
pare data on algae and rotifer abundances and macrozoo-
plankton biomass between the enclosures and Lake Dags-
torpssjön at the end of August, the predation pressure seems
to have been low in the lake. It is not known if this is due
to low densities of YOY fish in the lake as a whole or only
in the pelagic zone.

In conclusion, our experiments showed that there was a
strong effect of YOY perch predation on both zooplankton
and phytoplankton dynamics and community composition in
late summer but no clear effect in early summer. The lack
of an effect of YOY perch on zooplankton in early summer
may occur when the abundance of larger cladocerans is low,
precluding most larval perch from growing large enough to
be able to prey on large mature Daphnia at the time when
Daphnia biomass is increasing. Later, however, when YOY
perch have become fully developed juveniles, high predation
pressure prevents recovery of large herbivores and drives the
algal community toward small algal cells and blue-green al-
gae, typically found in late summer. Thus, when restoring
many European lakes by manipulating the fish community
(biomanipulation), a subsequent increase in the abundance
of juvenile perch during mid- and late summer may coun-
teract the intent of the biomanipulation. High predation pres-
sure of juvenile perch in late summer may promote the for-
mation of blue-green algal blooms and thereby reduce water
transparency considerably.
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, M. PLEWA, S. HÜLSMANN, H. VOIGT, AND J. BENNDORF.



1666 Romare et al.

1997. Age-0 fish predation on daphnids—spatial and temporal
variability in the top-down manipulated Bautzen Reservoir,
Germany. Arch. Hydrobiol. Spec. Issues Adv. Limnol. 49: 13–
25.

, , , AND S. WORISCHKA. 1998b. Gape-size
dependent feeding of age-0 perch (Perca fluviatilis) and age-0
zander (Stizostedion lucioperca) on Daphnia galeata. Arch.
Hydrobiol. 142: 191–207.

, H. SCHULTZ, AND R. HERBST. 1995. Interactions of zoo-
plankton dynamics and diet of 01 perch (Perca fluviatilis L.)
in the top-down manipulated Bautzen Reservoir (Saxony, Ger-
many) during summer. Limnologica 25: 1–9.

MEIJER, M-L., AND OTHERS. 1994. Long-term responses to fish-
stock reduction in small shallow lakes: Interpretation of five-
year results of four biomanipulation cases in The Netherlands
and Denmark. Hydrobiologia 275/276: 457–466.

MILLER, T. J., L. B. CROWDER, AND J. A. RICE. 1993. Ontogenetic
changes in behavioural and histological measures of visual acu-
ity in three species of fish. Environ. Biol. Fishes 37: 1–8.

, , , AND F. P. BINOWSKI. 1992. Body size and
ontogeny of the functional response in fishes. Can. J. Fish.
Aquat. Sci. 49: 805–812.

, , , AND E. A. MARSCHALL. 1988. Larval size
and recruitment mechanisms in fishes: Toward a conceptual
framework. Can. J. Fish. Aquat. Sci. 45: 1657–1670.

MILLS, E. L., J. L. FORNEY, AND K. J. WAGNER. 1987. Fish pre-
dation and its cascading effect on the Oneida lake food chain,
p. 118–131. In W. C. Kerfoot and A. C. Sih [eds.], Predation:
Direct and indirect impacts on aquatic communities. Univ.
Press of New England.

MOOIJ, W. M., E.H.R.R. LAMMENS, AND W. L. T. VAN DENSEN.
1994. Growth rate of 01 fish in relation to temperature, body
size, and food in shallow eutrophic lake Tjeukemeer. Can. J.
Fish. Aquat. Sci. 51: 516–526.

MOORE, M. V., N. D. YAN, AND T. PAWSON. 1994. Omnivory of
the larval phantom midge (Chaoborus spp.) and its potential
significance for freshwater planktonic food webs. Can. J. Zool.
72: 2055–2065.

POST, J. R. 1990. Metabolic allometry of larval and juvenile yellow
perch (Perca flavescens): In situ estimates and bioenergetics
models. Can. J. Fish. Aquat. Sci. 47: 554–560.

, AND J. F. KITCHELL. 1997. Trophic ontogeny and life his-
tory effects in interactions between age-0 fishes and zooplank-
ton. Arch. Hydrobiol. Spec. Issues Advanc. Limnol. 49: 1–12.

, AND D. J. MCQUEEN. 1987. The impact of planktivorous
fish on the structure of a plankton community. Freshwater Biol.
17: 79–89.

POURRIOT, R. 1977. Food and feeding habits of rotifera. Arch. Hy-
drobiol. Beih. 8: 243–260.

QIN, J., AND D. A. CULVER. 1995. Effect of young-of-the-year wall-
eye (Percidae: Stizostedion vitreum) on plankton dynamics and
water quality in ponds. Hydrobiologia 297: 217–227.

, AND . 1996. Effect of larval fish and nutrient en-
richment on plankton dynamics in experimental ponds. Hydro-
biologia 321: 109–118.

RAMCHARAN, C. W., R. L. FRANCE, AND D. J. MCQUEEN. 1996.
Multiple effects of planktivorous fish on algae through a pe-
lagic trophic cascade. Can. J. Fish. Aquat. Sci. 53: 2819–2828.

ROMARE, P., AND E. BERGMAN. 1999. Juvenile fish expansion fol-
lowing biomanipulation and the resulting effect on the preda-
tion pressure on zooplankton. Dev. Hydrobiol. In press.

RUDSTAM, L. G., R. C. LATHROP, AND S. R. CARPENTER. 1993. The
rise and fall of a dominant planktivore: Direct and indirect
effects on zooplankton. Ecology 74: 303–319.

SOMMER, U., Z. M. GLIWICZ, W. LAMPERT, AND A. DUNCAN. 1986.
The PEG-model of seasonal succession of planktonic events in
fresh waters. Arch. Hydrobiol. 106: 433–471.

TREASURER, J. W. 1992. The predator–prey relationship of perch,
Perca fluviatilis, larvae and zooplankton in two Scottish lochs.
Environ. Biol. Fishes 35: 63–74.

VANNI, M. J. 1987. Effects of food availability and fish predation
on a zooplankton community. Ecol. Monogr. 57: 61–88.

, AND D. L. FINDLAY. 1990. Trophic cascades and phyto-
plankton community structure. Ecology 71: 921–937.

WELKER, M. T., C. L. PIERCE, AND D. H. WAHL. 1994. Growth and
survival of larval fishes: Roles of competition and zooplankton
abundance. Trans. Am. Fish. Soc. 123: 703–717.

WHITESIDE, M. C. 1988. 01 fish as major factors affecting abun-
dance patterns of littoral zooplankton. Verh. Int. Verein. Lim-
nol. 23: 1710–1714.

, C. M. SWINDOLL, AND W. L. DOOLITTLE. 1985. Factors
affecting the early history of yellow perch, Perca flavescens.
Environ. Biol. Fishes 12: 47–56.

WILKINSON, L. 1992. Systat: The system for statistics. SYSTAT, Inc.

Received: 7 January 1999
Accepted: 18 May 1999
Amended: 9 June 1999


