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ABSTRACT: The 3-spined stickleback Gasterosteus aculeatus often dominates fish communities in eutrophic, brackish, north-temperate lakes where it is thought to contribute significantly to the low zooplankton biomass and low grazing pressure on phytoplankton. To elucidate its effect on zooplankton
community structure and phytoplankton biomass (chl a), we conducted a 5.5 mo enclosure experiment
with sticklebacks at different densities in high nutrient concentrations and a salinity of 2 psu. Increasing fish density (0 to 10.2 sticklebacks m–2) led to substantial changes in the zooplankton community
structure, an increase in phytoplankton chl a, and a reduction in water clarity. At densities below
4 to 6 sticklebacks m–2, large-bodied cladocerans dominated the zooplankton biomass, the zooplankton:phytoplankton biomass ratio was high (>1), and chl a was accordingly low (< 20 µg l–1). At
higher stickleback densities, large cladocerans disappeared and the abundance of small cladocerans
was low. Instead, cyclopoid copepods and rotifers dominated, the zooplankton:phytoplankton biomass
ratio was well below 0.5, and chl a exceeded 200 µg l–1 in late summer. The fish density level for a shift
from a clear to a turbid state is low compared to the densities observed in several eutrophic, brackish
lagoons. We conclude that fish have a strong impact on water clarity in shallow, eutrophic, brackish
lakes with low salinity, which may explain the usually low zooplankton:phytoplankton biomass ratio
and the turbid state of such aquatic environments. However, our results also indicate that once the
density level declines to below 4 to 6 sticklebacks m–2, a shift to a clear state is likely to occur.
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In freshwater lakes, fish predation strongly influences
zooplankton community structure and abundance
(Hrbácek et al. 1961, Brooks & Dodson 1965). Particularly in eutrophic lakes, this top-down control may cascade to the phytoplankton level (Carpenter et al. 1987,
Pace et al. 1999). The importance of top-down control for
structuring the freshwater environment depends on the
trophic status and morphology of the lake (Pace et al.
1999, Jeppesen et al. 2003) and is generally higher in

shallow lakes (Keller & Conlon 1994, Jeppesen et al.
1997a). Daphnia spp. is a key grazer in freshwater lakes.
It consumes phytoplankton over a broad size spectrum
(Gliwicz 1990) and, if abundant, outcompetes small, less
efficient grazers such as small-bodied cladocerans,
copepods and rotifers (Gilbert 1988). However, due to
their large size, Daphnia spp. are highly vulnerable to
predation by size-selective planktivorous fish such as
perch Perca fluviatilis and roach Rutilus rutilus.
In marine environments, the role of fish is less well
studied (Kiørboe 1998), which is surprising because the
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fisheries yield per unit of phytoplankton production is 5
to 10 times higher than in freshwater systems (Rudstam
et al. 1994). A few studies have illustrated strong effects
of fish on zooplankton dynamics. For example, zooplankton biomass in the subarctic Pacific was high in
years with low abundance of pink salmon Oncorhynchus
gorboscha, and low in years of high salmon abundance,
apparently with cascading effects on phytoplankton
(Shiomoto et al. 1997). Likewise, zooplanktivorous
herring Clupea harengus and sprat Sprattus sprattus
affected the zooplankton community structure in the
shallow areas of the Baltic Sea (Hansson et al. 1990,
Rudstam et al. 1992). However, evidence of clupeid
top-down control in the Baltic Sea is ambiguous, as
interannual variability of zooplankton abundance did
not relate significantly to fish density at 3 selected
stations (Möllmann & Köster 1999), perhaps because
they also included deeper parts of the sea for sampling.
Calanoid copepods are the key zooplankton grazers in
marine systems (Kiørboe 1998), but in well-mixed
shallow estuarine waters, mussels may also be important filter feeders that help maintain low chl a
concentrations, even in nutrient-enriched systems
(Møhlenberg 1995, Haaner & Rodhe 2000).
North European brackish lakes with intermediate
salinities (2 to 8 psu) differ in structure from freshwater
lakes and marine systems. They are often species-poor,
and large-bodied mussels are typically absent (Moss
1994). At low salinities, cladocerans may potentially be
important grazers (Jeppesen et al. 1994). However,
many cladocerans, particularly daphnids, typically disappear at salinities > 3 to 4 psu (Jeppesen et al. 1994,
Moss 1994), and are replaced by rotifers and calanoid
copepods such as Eurytemora affinis and Acartia
tonsa. Zooplankton grazing on phytoplankton in eutrophic brackish lakes is markedly lower than in comparable freshwater lakes, which has been attributed
to higher top-down control by fish and invertebrate
predators, including sticklebacks Gasterosteus aculeatus and Pungitius pungitius, and mysids Neomysis
integer (Jeppesen et al. 1994, 1997b). Even though the
diet of sticklebacks also includes mysids, these 2 species can co-exist, because sticklebacks only consume
small specimens of mysids, while the predation pressure on gravid females is low (Søndergaard et al.
2000). Furthermore, as sticklebacks primarily prey on
large-bodied zooplankton and mysids on small-bodied
zooplankton (Williams & Delbeek 1989, Pont et al.
1991, Aaser et al. 1995), and as they both have more
than 1 cohort per year, the predation pressure on zooplankton remains continuously high in nutrient-rich
brackish lakes (Søndergaard et al. 2000).
To elucidate the structuring role of fish in brackish
lakes, we conducted a mesocosm experiment in
nutrient-enriched enclosures at low salinity (2 psu). We

examined changes in zooplankton communities and
phytoplankton biomass (chl a) at different densities of
3-spined stickleback. Our aims included the identification of a fish density below which zooplankton escape
top-down control and generate a clearwater state in
brackish lakes with low salinity.

MATERIALS AND METHODS
Experimental design. The experiment was carried
out from 3 May to 27 September 2000, in the slightly
brackish (0.5 psu) Lake Kogleakssøen located in the
conservation area and bird sanctuary of Vejlerne,
Northern Jutland, Denmark. A wooden platform was
constructed with additional poles on both sides as
attachments to the enclosures. Twelve enclosures with
a diameter of 1.2 m were placed at a depth of 70 to
80 cm. Each enclosure, consisting of a clear polyethylene tube, was kept open to the sediment. The top
of the tube was attached to a plastic hoop and the tube
was wrapped around a metal cylinder which was forced
into the sediment. The plastic hoop was suspended
approx. 30 cm above the water’s surface, between 4
wooden poles, using elastic connectors. As the enclosures were filled with water, a net was held underneath
them to prevent fish entrance. The net was removed
again when the enclosures had reached the sediment.
A net to ward off birds was permanently suspended
over each enclosure. The salinity was adjusted to 2 psu
by adding 6.71 kg NaCl, 2.09 kg MgSO4, 7 H2O and
9.68 g NaHCO3 dissolved in 30 l of water from the lake
to each enclosure while stirring with a paddle and
monitoring the salinity. To allow colonisation of a
plankton community adapted to the newly adjusted
salinity, the enclosures were inoculated with sediment
and water samples from nearby brackish and saline
waters on 5 May. On 10 May, nutrients (Ca [NO3]2,
4 H2O and Na2HPO4, 7 H2O) were added, yielding an
initial concentration of 3.5 mg N l–1 and 0.4 mg P l–1. A
high nutrient level was chosen to avoid nutrient limitation of phytoplankton growth. Salinity was checked
and adjusted on each sampling date. Male 3-spined
sticklebacks Gasterosteus aculeatus were caught in
nearby brackish (1.6 to 3.5 psu) waters, weighed, measured (average weight 1.7 g, SD 0.3; average length
5.8 cm, SD 0.4), and stocked in the enclosures at a
density gradient of 0, 1, 2, 4, 8 and 16 sticklebacks per
enclosure (referred to as F0 to F16). Experiments were
carried out in duplicate, so enclosures of each density
were replicated. Salinity was mistakenly raised too
high in one of the enclosures with 4 fish, and it was
therefore excluded from the analysis.
Sampling and processing. Weekly samplings were
conducted from 16 May to 14 June, and then every
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Fish density. If observed, dead fish were replaced
2 wk until 20 September. A tube sampler was used for
at each sampling date. From 5 to 17 July, a markzooplankton samplings (length = 1.85 m, depth = 7 cm,
recapture experiment was conducted according to Morwith a closing device at the bottom). In each enclosure,
tensen et al. (1990) using Breder traps, gill nets (width =
the sampling was conducted at 5 stations along a tran6.25 mm) and a landing net (diameter = 60 cm). Despite
sect. The water was mixed in a barrel, and a 2 to 5 l
the replacement of dead fish, stickleback density was resubsample filtered onto a 50 µm filter. The zooplankton
duced in both F16 replicates to approximately 6 fish
were immediately preserved in Lugol’s solution for
(Table 1). In the other enclosures, fish mortality was not
identification in the laboratory.
as high, reaching up to 50% in an F2 and F4 enclosure
Water samples were collected in acid-washed glass
(Table 1). Original fish densities were restored in all
bottles for determination of chl a and nutrients. To
enclosures by 27 July. On 26 September, the remaining
measure water transparency, we used a Schnell’s tube,
fish were captured by repeated use of the landing net.
which consists of a small disc lowered into a metallic
Statistical analyses. The effects of fish density on
tube filled with the water to be analysed. This was
water clarity, chl a and zooplankton biomass and
used because the Secchi depth occasionally reached
composition were assessed by regression analysis.
the sediment surface. Schnell depth (x) was converted
Percentages were arcsin-transformed and all other
to Secchi depth (y) from the regression obtained in this
values ln-transformed to stabilise variance. Data are
study: y = 1.64x + 7.9, r2 = 0.80, n = 101. Temperature
integrated from 31 May to 20 September, i.e. the first
and salinity were measured after gently stirring water
2 wk were considered an acclimatisation period and
in the enclosures with a paddle. Water depth was meaomitted. Because of the changing fish densities
sured and macrophytes were continuously removed
through mortality and re-stocking, we used a timethroughout the experimental period with a hoe (to
weighted average for the integrated period.
remove Myriophyllum spicatum L.) or a sieve (to
remove Lemna minor L.) to ensure comparable conditions in all enclosures.
RESULTS
Cladocerans and adult copepods were identified to
species, and rotifers identified to genus level. Nauplii
Average temperature in the enclosures was 15.7°C
and copepodites were classified as cyclopoids or
during the study period (highest in mid-June at 23.2°C,
calanoids. If subsampling was conducted, it included
and lowest in late September at 11.1°C). The average
at least 75 individuals of the most common species or
depth ranged between 66 and 78 cm, being lowest in
genera (Hansen et al. 1992). Cladoceran length was
late August and highest in late May. Salinity averaged
measured using a digital picture from a stereomicro2.0 psu (SD 0.2 psu), TP averaged 1.50 mg l– l (SD
scope. Twenty-five individuals of each species were
measured from the base of the tail spine to the top of
0.59 mg l– l) and TN averaged 4.2 mg l– l (SD 1.6 mg l– l).
the head. Cladoceran biomass was determined using
No significant differences were found in chl a among
established length/weight relationships (Hansen et al.
the enclosures on the first sampling date. A significant
1992). Standard values of length and biomass for each
positive correlation between fish density and chl a was
copepod species, copepodites and nauplii were taken from Jensen et al.
Table 1. Gasterosteus aculeatus. Survey of stocked and recaptured stickleback
in the different enclosures during the experiment. The calculated time(1996). Rotifer length was measured on
weighted averages are used in regression analyses. Enclosures F0 to F16 refer to
25 individuals and biomass determined
fish densities of 0 to 16, respectively. Experiments were performed in duplicate
using length/weight relationships obtained from Hansen et al. (1992). Chl a
Enclosure Stocked Recaptured Restocked Recaptured Time-weighted
was calculated spectrophotometrically
7 May
17 Jul
26 Jul
26 Sep
average
following extraction with ethanol (JesF0
0
0
0
0
0.0
persen & Christoffersen 1987). For de0
0
0
0
0.0
termination of the zooplankton:phytoF1
1
1
1
1
1.0
plankton ratio, chl a was converted
1
1
1
1
1.0
to phytoplankton dry weight using a
F2
2
1
2
0
1.3
chl a:C ratio of 30 and a dry weight
2
2
2
0
1.6
(DW):C ratio of 2.2 (Jeppesen et al.
F4
4
2
4
2
2.9
1994). Total phosphorus (TP) was deF8
8
8
8
3
6.9
termined after persulphate digestion
8
8
8
6
7.6
(Koroleff 1970) and total nitrogen (TN)
F16
16
6
16
0
9.4
after potassium persulphate digestion
16
6
16
4
10.2
(Solórzano & Sharp 1980).
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y = 0.42x + 2.28; R2 = 0.85; p < 0.0001
y = –0.08x + 4.56; R2 = 0.79; p = 0.0003

y = –0.37x + 3.77
R2 = 0.75
p = 0.0006

cant positive correlation with fish density, whereas
nauplii decreased at higher fish densities (Fig. 5). Fish
density had no effect on the biomass of adult copepods;
biomass of copepodites and nauplii, however, was positively correlated with fish density.
Rotifer species composition failed to show a clear relationship to fish density (Fig. 6), although Polyarthra sp.
showed a weak positive correlation to increasing density.

DISCUSSION
Our results suggest that sticklebacks at high density
can exert strong top-down control on zooplankton

Fig. 1. Regression analysis of µg chl a l–1 (D), Secchi depth in
cm (s) and zooplankton:phytoplankton ratio (squares) subject
to different stickleback Gasterosteus aculeatus densities.
Dependent variables are loge-transformed

recorded, whereas Secchi depth decreased with
increasing fish density (Fig. 1). The zooplankton:
phytoplankton ratio was negatively correlated with
fish density.
Total zooplankton biomass was not correlated with
fish density (Fig. 2). However, the biomass of largebodied cladocerans was negatively correlated with fish
density; small-bodied cladoceran biomass, copepod
biomass and rotifer biomass correlated positively with
fish density.
The cladoceran community comprised small- (Chydorus sphaericus, mean length 0.3 mm; Ceriodaphnia
sp., mean length 0.6 mm) and large-bodied cladocerans
(Daphnia pulex, D. hyalina, D. galeata, mean length
1.2 mm; D. magna, mean length 1.9 mm; Simocephalus
vetulus, mean length 1.5 mm). Average cladoceran size
decreased significantly with increasing fish density
(Fig. 3). The relative contribution of large-bodied species
correlated weakly or not at all with fish density. However, the contribution of the small-bodied cladoceran
Chydorus sphaericus constituted a larger part of the
cladoceran community at higher fish densities, which
was a significant positive correlation (Fig. 3).
The large-bodied copepod Megacyclops viridis
(mean length of adult females = 1.1 mm) correlated
negatively with fish density, whereas the small-bodied
copepod Mesocyclops leukartii (mean length of adult
females = 0.6 mm) correlated positively (Fig. 4). However, other copepod species, such as Cyclops vicinus,
Eucyclops serrulatus and Eurytemora affinis, showed
no correlation with fish density.
The relative distribution of different stages of copepods correlated with fish density. The abundance of
advanced stages of copepods and adults had a signifi-

y = –0.59x + 7.97
R2 = 0.60
p = 0.0054
y = 0.44x + 1.03
R2 = 0.72
p = 0.001

y = 0.14x + 5.04
R2 = 0.60
p = 0.0054

y = 0.45x + 2.38
R2 = 0.75
p < 0.0001

Fig. 2. Regression analysis of total zooplankton biomass, large
cladoceran biomass, small cladoceran biomass, copepod biomass and rotifer biomass subject to different stickleback
Gasterosteus aculeatus densities. All biomasses are given as
loge-transformed µg l–1
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y = –1.85x + 36.20; R2 = 0.48; p = 0.0186

y = –0.13x + 7.31
R2 = 0.85
p < 0.0001

y = –2.86x + 31.79
R2 = 0.38
p = 0.0429

y = 2.11x + 22.65
R2 = 0.64
p = 0.0032

y = –3.22x + 34.31
R2 = 0.42
p = 0.0316

y = 6.89x – 3.28
R2 = 0.90
p < 0.0001

Fig. 3. Regression analysis of cladoceran size and relative distribution of Daphnia spp., D. magna, Simocephalus vetulus,
Ceriodaphnia sp. and C. sphaericus subject to different stickleback Gasterosteus aculeatus densities. Cladoceran size data
are given as loge-transformed µm and relative distribution
data are arcsin-transformed percentages

community structure and cause a cascading effect on
phytoplankton biomass. At fish densities below 4 m–2,
large-bodied cladocerans and copepods dominated
the zooplankton community. Rotifer biomass was depressed, as is also seen in freshwater lakes (Gilbert
& Stemberger 1985, Lampert & Rothhaupt 1991), most

Fig. 4. Regression analysis of relative distribution of Megacyclops, Cyclops vicinus, Mesocyclops leukartii, Eucyclops
serrulatus and Eurytemora affinis subject to different stickleback Gasterosteus aculeatus densities. Dependent variables
are arcsin-transformed percentages

likely reflecting exploitative competition by Daphnia
spp. (May & Jones 1989) and mechanical (Gilbert 1988)
and chemical interference (Conde-Porcuna 1998). In
addition, the zooplankton:phytoplankton ratio exceeded 1, which is indicative of a high grazing pressure on phytoplankton (Jeppesen et al. 2002) and,
accordingly, chl a was low (< 20 µg l–1) despite high
nutrient concentrations.
A marked shift to a turbid state with high chl a and
low Secchi depth occurred at higher fish densities
(> 6 ind. m–2). Large-bodied cladocerans, which are
highly vulnerable to stickleback predation (Pont et al.
1991, Stephen et al. 1998), almost disappeared. Small-
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y = 2.33x + 9.42; R2 = 0.92; p < 0.0001

y = 2.15x + 8.40; R2 = 0.87; p < 0.0001
y = 1.40x + 18.02, R2 = 0.74; p = 0.0007

y = –3.47x + 77.50; R2 = 0.92; p < 0.0001
y = –1.75x + 49.39; R2 = 0.75; p = 0.0006

Fig. 5. Regression analysis of relative distribution of different
stages of copepods subject to different stickleback Gasterosteus aculeatus densities, based on abundance (D) and biomass
(S). Dependent variables are arcsin-transformed percentages

bodied cladocerans increased in abundance, but it was
the rotifers and cyclopoid copepods that dominated the
zooplankton community. Although data were insufficient to distinguish between linear and threshold
effects of fish density, due to low replication and the
absence of intermediate fish densities, a shift from
a clear to a turbid state occurred at 4 to 6 sticklebacks m–2.
Major changes also occurred at species and genus
level. Large-bodied cladocerans such as Daphnia
magna, D. pulex, D. hyalina, D. galeata, and Simocephalus vetulus dominated the cladoceran community at low fish density. At intermediate fish density,
the smaller Ceriodaphnia sp. contributed substantially
to the biomass, while C. sphaericus dominated at high
fish density. A similar cladoceran community structure
and response to increasing stickleback abundance
occurred in oligohaline marshes and pools in the
Camargue (southern France) (Pont et al. 1991). D.
magna, S. vetulus and Ceriodaphnia sp. are among the
few commonly found species or genera in subsaline
and hyposaline (classification by Hammer 1986) waters
on most continents (Frey 1993, Timms 1993, Boronat
et al. 2001); they all belong to the group of hyperosmotic regulators at low salinities (Aladin & Potts
1995). Bosmina spp., which often dominates the pelagial cladoceran community in freshwater lakes exhibit-

ing high fish-predation pressure, was not important in
the enclosures with intermediate to high fish densities,
most likely due to higher sensitivity to saline conditions (Jeppesen et al. 1994), although B. longirostris
occurs at salinities as high as 6 psu in the Baltic Sea
(Hofmann 1987). Instead, the cosmopolitan species C.
sphaericus, which is well adapted to brackish water
(Frey 1993, Timms 1993, Amsinck et al. unpubl.), becomes dominant. In the Baltic Sea, this species occurs
at salinities at high as 10.5 (Hofmann 1987), and 8 to 10
in several other studies of thalassic saline water bodies
(Aladin & Potts 1995).
The copepod community also seemed to be affected
by size-selective predation by sticklebacks. The largebodied Megacyclops viridis was more abundant at lowthan at high fish densities, while Mesocyclops leukartii
increased with fish density. Eurytemora affinis occasionally occurred at high fish densities. However, Cyclops vicinus seemed unaffected by fish presence and
constituted a substantial part of the copepod community along the fish gradient. It may seem surprising that
the small stages of copepod nauplii dominated at low
fish-predation levels, while the much larger, advanced
stages dominated at higher levels. This may reflect the
fact that large-bodied cladocerans dominating at low
fish densities are powerful competitors with the advanced copepod stages, both directly for the same food
resources, but also indirectly because the large-bodied
cladocerans depress the prey (rotifers, ciliates) of the
potentially predatory-advanced cyclopoid stages. By
contrast, the much higher food abundance at high fish
densities favours the advanced stages of cyclopoids,
which in turn may negatively affect the nauplii through

y = 1.56x + 13.12
R2 = 0.44
p = 0.0265

Fig. 6. Regression analysis of relative distribution of Keratella
sp., Brachionus sp., Polyarthra sp. and Filinia sp. subject
to different stickleback Gasterosteus aculeatus densities.
Dependent variables are arcsin-transformed percentages
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cannibalism. E. affinis, which usually dominates the
copepod community in North European brackish lakes
at salinities of 1 to 8 psu (Heerkloss et al. 1991, Jeppesen et al. 1994, Moss 1994), only occasionally became
abundant, and even then only in a few enclosures,
despite it being added to all enclosures at the onset of
the experiment. While a clear, and most likely indirect,
effect of fish density on the abundance of rotifers occurred, the relative abundance of the different species
showed no clear trend along the fish density gradient. During most of the summer, Keratella spp. and
Brachionus spp., which are typically most frequently
abundant under sub-haline conditions (Heerkloss et
al. 1991), dominated the rotifer community.
Shifts in the zooplankton community structure at
threshold fish densities have occurred in several freshwater lakes. For example, when 0+ yellow perch Perca
fluviatilis exceeded 1.4 ind. m–2, the Daphnia pulex
population collapsed in Lake Oneida (Mills et al. 1987).
Similarly, zooplankton abundance was severely reduced in a set of enclosures above a critical fish biomass of 5 g m–2 (McQueen & Post 1988). However, the
fish threshold-density or -biomass is by no means
fixed, but varies with trophic state and, thus, with the
abundance of food available to predatory zooplankton
(Jeppesen et al. 2003). It is difficult to apply findings
from enclosure studies to whole-lake ecosystems,
because interactions may be stronger in enclosures
due to the lack of escape opportunities for prey zooplankton. This may be counterbalanced by increased
zooplankton survival due to access to alternative food
sources, including periphytes, detritus and bacteria
growing on the enclosure walls. The sustained high
zooplankton:phytoplankton ratio in low-fish density
enclosures supports this view. However, in coastal
brackish lakes, zooplankton also often have access to
numerous periphyton-covered surfaces and to sediment epipelon, and the shallow depth of the lakes
leads to abundant submerged plants, even when the
lakes are in a turbid state (in contrast to freshwater
lakes) (Jeppesen et al. 1997b). Sticklebacks are usually
abundant in north European brackish lakes (Pont et
al. 1993, Jeppesen et al. 1994, Moss 1994). Natural
densities of sticklebacks in tidal salt-marsh pools can
be as high as 35 (Castonguay & FitzGerald 1990) and
20 sticklebacks m–2 (Worgan & FitzGerald 1981),
whereas Williams & Delbeek (1989) found 25 sticklebacks m–2 in an estuary. Therefore, our density of 4 to
6 sticklebacks m–2 which leads to the shift to a turbid
state is surpassed in many brackish lakes and lagoons.
This allows us to conclude that sticklebacks may be an
important contribution to the typically low zooplankton:phytoplankton ratio found in eutrophic brackish
lakes (Jeppesen et al. 1994). Our results provide experimental support for the empirically based conclusion of
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high predator control of zooplankton and the consequently high phytoplankton biomass in such environments (Jeppesen et al. 1994, 1997b). However, our
results also show that when salinity is low, Daphnia
spp. will be abundant, and a clearwater state is likely
to occur (even at high nutrient concentrations) when
fish density declines below a certain level (4 to 6 sticklebacks m–2 in our study).
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