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Abstract

Invertebrate predators often have dramatic effects on their prey communities. Unlike visu-
ally foraging planktivorous fish, invertebrate predators detect their prey by mechano- or 
chemoreception. Thus, fish and invertebrate predators affect zooplankton communities 
differently. Fish predation typically selects large cladocerans while invertebrate predators 
prefer prey of smaller size. Since invertebrate predators are the preferred food items for 
fish, their occurrence at high densities is often connected with the absence or low number 
of fish. It is generally believed that invertebrate predators can play a significant role only 
if the density of planktivorous fish is low. However, in eutrophic clay-turbid Lake Hiiden-
vesi (southern Finland), a dense population of predatory phantom midge (Chaoborus
flavicans) larvae coexists with an abundant fish population. The population covers the 
stratifying area of the lake and attains a maximum population density of 23000 ind. m-2.
This thesis aims to clarify the effects of Chaoborus flavicans on the zooplankton commu-
nity and the environmental factors facilitating the coexistence of fish and invertebrate 
predators. Lake monitoring, enclosure study and laboratory experiments were conducted 
to examine the role of Chaoborus flavicans in the pelagic food web. 

In the stratifying area of Lake Hiidenvesi, the seasonal succession of cladocerans was 
exceptional. The spring biomass peak of cladocerans was missing and the highest biomass 
occurred in midsummer. In early summer, the consumption rate by chaoborids clearly 
exceeded the production rate of cladocerans and each year the biomass peak of cladocer-
ans coincided with the minimum chaoborid density. The strong predation pressure by 
Chaoborus prevented cladocerans from attaining body lengths long enough to defend 
them against Chaoborus. In contrast, consumption by fish was very low and each study 
year cladocerans attained maximum biomass simultaneously with the highest consumption 
by smelt (Osmerus eperlanus). The results indicated that Chaoborus flavicans was the 
main predator of cladocerans in the stratifying area of Lake Hiidenvesi. 

The clay turbidity strongly contributed to the coexistence of chaoborids and smelt at 
high densities. Turbidity exceeding 30 NTU combined with light intensity below 0.1 E
m-2 s-1provides an efficient daytime refuge for chaoborids, but turbidity alone is not an 
adequate refuge unless combined with low light intensity, since in aquarium experiments 
fish succeeded in preying effectively on Chaoborus at turbidities of 40–50 NTU, if light 
intensity were above 0.1 μE m-2 s-1. In the non-stratifying shallow basins of Lake Hiiden-
vesi, light intensity exceeds this level during summer days at the bottom of the lake, pre-
venting Chaoborus forming a dense population in the shallow parts of the lake.

Chaoborus can be successful particularly in deep, clay-turbid lakes where they can re-
main high in the water column close to their epilimnetic prey without having to diurnally 
migrate long distances. Suspended clay alters the trophic interactions by weakening the 
link between fish and Chaoborus, which in turn strengthens the effect of Chaoborus pre-
dation on crustacean zooplankton. The aquarium experiments also support the conclusion 
that clay-turbidity disrupts visual predation by smelt. Since food web management largely 
relies on manipulations of fish stocks and the cascading effects of such actions, the valid-
ity of the method in deep clay-turbid lakes may be questioned. 
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1  Introduction

1.1 Invertebrate predation in
the pelagic food web

In lake ecosystems, many inverte-
brates are predators. Their effects on prey
communities in a pelagic food web are
often dramatic, but generally different
from  the  effects  of  planktivorous  fish.
This is a consequence of these predators’
differences in detecting and selecting the
prey.

1.1.1 Invertebrate predators versus
fish

Invertebrate predators are usually
small compared with fish and detect their
prey by mechano- or chemoreception,
whereas fish are visually orientated. The
process of foraging contains four succes-
sive phases (Gerritsen & Strickler 1977):
1) encountering, 2) recognizing and at-
tacking, 3) capturing and 4) ingesting the
prey. The food selection of invertebrate
predators is dependent on their ability to
capture the prey, while planktivorous fish
prefer the largest items showing no diffi-
culties in handling. Size-selective preda-
tion by fish results in a zooplankton
community composed of small forms,
because fish feed selectively on large
herbivores (Hrbàcek et al. 1961, Brooks
&  Dodson  1965).  The  size  efficiency
hypothesis of Brooks & Dodson (1965)
suggests that during lack of fish preda-
tion, the more efficient large grazers out-
compete small herbivorous zooplankters
and therefore in fishless lakes and ponds

Fig. 1. Effect of community structure
and abundance of fish on the size
distribution of zooplankton (modi-
fied from Lampert 1987). A) No
fish invertebrate predators pre-
dominate  large zooplankton B)
Few planktivorous fish  few in-
vertebrate predators  medium-
sized zooplankton C) Many plank-
tivorous fish  no invertebrate
predators  small zooplankton.

zooplankton community consists mainly
of large species and specimens. The the-
ory was later expanded to the balanced
predation hypothesis, in which the size
structure of the zooplankton community
is understood as the result of a balance
between fish and invertebrate predation
(Dodson 1974, ref. Lampert 1987). Due
to their large body sizes, invertebrate

A

B

C
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predators are the preferred food for 
planktivorous fish. Thus, invertebrate 
predators could form populations dense 
enough to control small and medium-
sized herbivores only in fishless lakes, 
(Fig. 1, A). The coexistence of plank-
tivorous fish and invertebrate predators is 
perceived to be a consequence of the 
high density of piscivorous fish, which 
controls the abundance of planktivorous 
fish. Planktivorous fish reduce the num-
ber of invertebrate predators and large 
herbivores (B). If planktivorous fish are 
more abundant, they eliminate inverte-
brate predators and also large- and me-
dium-sized herbivores (C).

1.1.2 Chaoborus flavicans

Phantom midges (Diptera, Chaobori-
dae) have aquatic larvae that may form 
dense populations in lakes and ponds.
Chaoborus flavicans (Meigen) (Fig. 2) is 
widely distributed in the holarctic. It has 
four larval instars and is usually 
univoltine, overwintering as instar 3 or 4 
and pupating in the following spring and 
summer (e.g. Hongve 1975). The larvae 
of Chaoborus flavicans are found both in 
lakes and smaller ponds (Borkent 1981, 
Sæther 1997). The species performs 
extensive vertical migrations in areas 
where it co-occurs with fish (Nilssen 
1974, Borkent 1981, Sæther 1997). 
Being very tolerant of low oxygen 
concentrations, Chaoborus flavicans can 
occupy the hypolimnion of stratified 
lakes (e.g. Luecke 1986), where they 
spend the day in the water column or 
burrowing into the sediment, migrating at 
night into the epilimnion to forage in 
darkness on zooplankton (Malueg & 

Hasler 1966, Parma 1971, Borkent 
1981).

Chaoborus flavicans is an efficient 
predator of zooplankton and may con-
siderably regulate zooplankton commu-
nities (Black & Hairston 1988, Vanni 
1988, Lair 1990, Wissel & Benndorf 
1998). Early instars of the larvae prefer 
rotifers, while cladocerans are the main 
food items for the third and fourth instars 
(Kajak & Rybak 1979, Lüning-Krizan 
1997). Kajak & Ranke-Rybicka (1970), 
Hillbricht-Ilkowska et al. (1975) and 
Kajak & Rybak (1979) estimated that 
Chaoborus flavicans consumed 3–13% 
of its prey biomass in a day in eutrophic 
lakes in Poland, while Elser et al. (1987) 
reported that Chaoborus flavicans could 
daily remove up to 21% of the 
cladoceran biomass.  

Fig. 2. Chaoborus flavicans 4th instar.

1.2 Food chain theory and lake 
management

The food chain theory of Hairston et 
al. (1960) states that top carnivores are 
always resources-limited, whereas pri-
mary producers are controlled by the 
resources available if there are an odd 
number of trophic levels in the food 
chain and by grazers if there is an even 
number of trophic levels. The theory has 
been applied in lake food web manage-

mmmm
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ment (biomanipulation), which aims to 
control the actual productivity of a lake 
ecosystem by changing the structure of 
the food web (Shapiro et al. 1975, Car-
penter et al. 1985). The idea that the 
controlling influence could flow down-
ward in the food chain was named the 
trophic cascade theory (Carpenter et al. 
1985). In lake management the effect of 
fish cascading through the food chain via 
zooplankton to the phytoplankton is at-
tempted to achieve by selective fishing 
and/or stockings and catch restrictions of 
piscivorous fish, which aims to depress 
planktivorous fish and results in a lower 
phytoplankton biomass at a given nutri-
ent concentration.

In many cases lower phytoplankton 
biomasses at given nutrient concentra-
tions were achieved by food web 

management (Shapiro et al. 1975, 
Shapiro & Wright 1984). However, the 
success of such manipulations is variable 
and often the enhancement of water 
quality has been less than expected (e.g. 
Jeppesen et al. 1990, Benndorf 1995). 
The possible reasons for unsuccessful 
management may include high predation 
pressure by invertebrates (Wissel & 
Benndorf 1998). In many cases, inverte-
brate predators increased in abundance 
after the reduction of planktivorous fish 
and contributed to the failure of lake 
restoration (e.g. Benndorf 1995, Wissel 
& Benndorf 1998). Due to these inver-
tebrate predators, the cascading effect 
from planktivorous fish to zooplankton 
circulates through invertebrate predators, 
thus dampening the top-down effect (Fig. 
3).

A.    B. 

Fig. 3. The top-down effect in pelagic food webs. A) A simple food chain, in which the 
regulatory effect cascades from the top of the food chain to the lower trophic levels. B) Food chain 
with a side step from planktivorous fish to invertebrate predators (IVP). The thickness of the 
arrows represents the strength of the effect. 
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1.3 Turbidity in the lake 

Inorganic suspendoids influence pe-
lagic lake ecosystems in several ways. 
Increased turbidity has complex direct 
and indirect effects upon phytoplank-
ton, zooplankton and fish communities 
through light attenuation, nutrient cy-
cling and feeding of filter- and visual-
feeding animals (Lind 2003).  

Clay in water affects primary pro-
duction by competing with phyto-
plankton for light photons, although 
‘clear’ clay particles scatter rather than 
absorb light (Kirk 1983). Thus in hu-
mic waters the extinction of photo-
synthetic light is much more dramatic 
than in a clay-turbid lake. Clay parti-
cles can transport nutrients (especially 
PO4) and form complexes with dis-
solved matter, which is of major im-
portance in many turbid freshwater 
ecosystems (Howard-Williams 1985, 
Lind 2003). 

Clay affects zooplankton feeding, 
reflecting reproduction, growth and 
interaction among species. Suspended 
inorganic matter may inhibit clado-
ceran populations, while more selec-
tively feeding rotifers and copepods 
are less affected (Hart 1987, Kirk & 
Gilbert 1990). Since many cladocerans 
filter non-selectively with respect to 
particle size, they ingest other items 
along with the algal cells, which in 
clay-turbid waters results in a reduc-
tion in phytoplankton ingestion rate by 
clay particles interrupting the ingestion 
of algal cells (Arruda et al. 1983, Hart 
1988, Kirk 1991). However, when or-
ganic matter is adsorbed to clay parti-
cles, it can offer an important alterna-
tive food source for some cladocerans 
and copepods (Arruda et al. 1983). 

Increasing water turbidity may 
greatly affect the foraging efficiency of 
particulate-feeding planktivorous fish 
by decreasing their reactive distance. 
The effect is due to decreased light in-
tensity and light scattering, the latter 
having more pronounced effects 
(Vinyard & O’Brien 1976, Bruton 
1985, Hinshaw 1985). Light scattering 
from suspended particles is harmful, 
since it interferes with the background 
light level, reduces contrast, and hin-
ders transport of the prey image (Hin-
shaw 1985, Giske et al. 1994). The 
effects of turbidity on the feeding effi-
ciency of planktivorous fish have been 
demonstrated in numerous fish species 
(Vinyard & O’Brien 1976, Sigler et al. 
1984, Utne-Palm 1999). 

2 Objectives of the thesis 

The present study was part of the 
Lake Hiidenvesi research project, 
which was designed to clarify the 
structure and function of the food web 
of eutrophic, clay-turbid lakes. As 
early as 1997 in preliminary studies, an 
enormous biomass of Chaoborus flavi-
cans was observed. Since the occur-
rence of such a dense population in a 
large, rich-in-fish lake was surprising, 
more detailed research was needed. 
This thesis focuses on the following 
questions:

1. What are the impacts of Chaoborus
flavicans on the zooplankton com-
munity? (II, III)
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2. Could an invertebrate predator be 
the main regulator of herbivorous 
zooplankton in the pelagic zone of 
a large lake instead of fish? (II, III)

3. What factors facilitate the coexis-
tence of Chaoborus flavicans and 
fish, and what possible implica-
tions do invertebrate predators have 
for food web management in clay-
turbid lakes? (I, IV, V, VI)

The thesis includes six studies all 
connected with Chaoborus flavicans in 
Lake Hiidenvesi. The first article (I)
focuses on the population dynamics of 
Chaoborus flavicans, while the 
following two (II, III) focus on the 
impacts of Chaoborus flavicans on the 
zooplankton community. In II, the 
consumption of Chaoborus was 
calculated and compared with the 
consumption by fish. The results 
strongly suggested that chaoborids 
regulated the cladoceran seasonal suc-
cession, but it was unknown, whether 
the succession of cladocerans would be 
different if predation by chaoborids 
were excluded from the food web. To 
address this, the enclosure experiment 
was conducted (III).

After studies I-III, it was evident 
that Chaoborus had a powerful top-
down effect on zooplankton, but the 
top-down effect of fish on Chaoborus
was unclear. We did not know why 
fish could not control the abundant 
Chaoborus population in Lake Hiiden-
vesi. Research on the spatial distribu-
tion of several invertebrate predators 
(including Chaoborus flavicans) and 
some environmental factors in Lake 
Hiidenvesi was conducted (IV) and the 
importance of clay turbidity as a refuge 

was noted. In V, the effects of turbidity 
and light on the predator-prey interac-
tion between fish and Chaoborus were 
studied in an aquarium experiment. 
The series of Chaoborus studies in 
Lake Hiidenvesi was concluded in the 
last article (VI), which reminds lake 
managers about the effects of clay tur-
bidity in the food web. 

3 Material and methods 

3.1 Study lake 

Lake Hiidenvesi is a clay-turbid, 
eutrophic lake in southern Finland 
(60°24 N, 24°18 E). The lake consists 
of several basins with differing water 
quality and morphometry (Fig. 4). 
Both point and non point nutrient 
loading have caused the eutrophication 
of the lake, and harmful cyanophyte 
blooms have been reported since the 
1960s (Harjula 1970). Currently, the 
total external phosphorus loading of 
the lake is 0.5– 1.0 g m-2 a-1 P, almost 
90% of which comes from the Vanjoki 
and Vihtijoki rivers (Ranta & Jokinen 
1998). The runoffs from the surround-
ing agricultural areas make the water 
highly turbid. The concentration of 
suspended solids often exceeds 20 mg 
l-1 and the Secchi depth rarely exceeds 
1 m during summer. The shallowest 
parts of the lake – the Kirkkojärvi and 
Mustionselkä basins – are also the 
most eutrophic and turbid. The average 
total phosphorus concentration in 
Kirkkojärvi and Mustionselkä is 80 μg 
l-1 and the turbidity 40–45 NTU 
(nephelometric turbidity units).  
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3.2  Methods for Chaoborus
flavicans

Samples for the population dynamics 
of Chaoborus flavicans were collected 
both from the water column and from the 
sediment fortnightly during May-October 
1999–2001 (I-IV). From the water col-
umn, samples were collected using a 
plankton net (diameter 50 cm, mesh size 
183 μm), and from the sediment by an 
Ekman sampler (A = 279 cm2) and 
strained through a 0.5 mm sieve. The 
same plankton net was used for sampling 
of Mysis relicta and Leptodora kindti in 
IV.

3.2.1 Diet and consumption  

The food composition of the larvae was 
studied in 1999 (both day and night sam-
ples) and 2000 (night samples) (II). The 
gut contents of the larvae were micro-
scopically analysed using the technique 
by Swift & Fedorenko (1973).

The consumption by fourth-instar 
Chaoborus flavicans was calculated by 
using a bioenergetics model (consump-
tion = (respiration + growth) / assimila-
tion efficiency) developed by Cressa & 
Lewis (1986). As assimilation efficiency 
of 0.67 was used (Swift 1976, Yan et al. 
1991, Ramcharan et al. 2001a). The mass 
specific respiration (R) was calculated 
using the equation by Yan et al. (1991): 

(1) log(R/M) = -0.11 -0.33 log M

where M is predator mass (μg dry mass).  
The selectivity (D) of Chaoborus for 

Bosmina, Daphnia, other cladocerans 
and copepods was calculated using the 

electivity coefficient recommended by 
Jacobs (1974): 

(2) D = (r - p) / (r + p - 2rp)

where r is the proportion of the prey spe-
cies in the Chaoborus diet and p is the 
proportion of the prey in the environ-
ment.  

3.2.2 The pelagic enclosure study  

The mesocosm experiment was per-
formed in the deep area of Lake Hiiden-
vesi (III). Two enclosures were installed 
over a depth of 30 m, one of which was 
closed from the bottom and the other 
mounted with a net (mesh size 1.5 cm) 
over the bottom. Chaoborus could freely 
migrate to the net-bottom enclosure 
while fish introduction was inhibited. 
The other enclosure was closed both 
from chaoborids and fish, and the third 
treatment was the surrounding lake wa-
ter, in which the density of both 
chaoborids and fish was natural. 

The enclosures were made of trans-
parent polyethylene foil (0.2 mm) and 
their volume was 46 m3 (h = 6.5 m, Ø = 3 
m). The phyto- and zooplankton commu-
nities as well as the Chaoborus flavicans
population were monitored and chemical 
and physical parameters measured.  

The enclosure study was conducted 
without replicates, which led to the 
problem of pseudoreplication and further 
a lack of proper statistical tests. How-
ever, Hurlbert (1984) showed that experi-
ments involving unreplicated treatments 
may also be the only or best option when 
a) the gross effects of a treatment are 
anticipated, b) only a rough estimate of 
the effect is required and/or c) the cost of 
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replication is very great. Even though the 
replicates were not feasible, we per-
formed the study, since there was very 
good background information including 
several years of data on the seasonal suc-
cession of cladocerans and population 
dynamics of Chaoborus flavicans.

3.2.3 Aquarium experiments  

The aquarium experiments were con-
ducted in transparent plastic bags with 
smelt (Osmerus eperlanus (L.)) and 
fourth-instar larvae of Chaoborus flavi-
cans (V). The water volume in each bag 
was 45 l and water depth 60 cm. Three 
smelts were placed in the bag before each 
experiment, and 100 fourth-instar 
Chaoborus flavicans larvae were re-
leased into the bag. After 2 h, the smelts 
were captured from the bag and analysed 
for ingested Chaoborus flavicans larvae.
The experiments were conducted at tur-
bidity levels of 0, 10, 20, 40 and 50 
NTU. At each turbidity level, the experi-
ments were carried out at 8–10 different 
light levels, the irradiance at the bottom 
of the bag varying from total darkness to 
3 E m-2 s-1.

3.3 Zooplankton sampling 

The zooplankton samples were taken 
with a tube sampler (V = 7.5 l) from each 
metre of depth, assembled into 5 m lay-
ers (when the depth was > 6 m) and fil-
tered through a 50 μm plankton net (I-
IV). The sampling stations were located 
in the deepest part of each basin. In the 
laboratory, the cladocerans and rotifers 
were identified to species level and co-
pepods to family (Calanoida, 

Cyclopoida) level. A total of 30 indi-
viduals were measured from each group:
Daphnia spp. from the centre of the eye 
to the base of the tail spine, and other 
species from the anterior edge of the 
carapace to the posterior edge of the 
carapace.

3.4 Statistical analysis 

The differences in the abundance of 
Chaoborus flavicans (and other inverte-
brate predators in IV) between the main 
basins of Lake Hiidenvesi (I) as well as 
the interannual differences in the density 
of Chaoborus flavicans in the water col-
umn (II) were tested, using analysis of 
variance for repeated measurements 
(SAS Institute Inc. NC, USA). The 
differences between day- and nighttime 
diet composition of Chaoborus were ana-
lysed with a two-sample t-test assuming 
equal variances. The differences in per-
centage of large (> 1.25 mm) individuals 
(arcsin x  -transformed data) in the 
cladoceran community between different 
water layers were tested with analysis of 
variance for repeated measurements 
(SAS Institute). The three sampling years 
were treated as replicates. Paired com-
parisons were conducted with Bonferroni 
t-tests. In V, nonlinear regression analy-
sis was used to describe the dependence 
of smelt feeding rate on light intensity 
and turbidity (SYSTAT SPSS Inc. IL, 
USA).
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4 Results  

4.1 Occurrence, diet and 
consumption of Chaoborus
flavicans

The population density of Chaoborus
flavicans in the deepest part of the lake, 
Kiihkelyksenselkä basin, was very high –
max. 23000 ind. m-2 – considering the 
large area of Lake Hiidenvesi (I, II) (Fig. 
5). No larvae were found in net samples 
from other basins – Kirkkojärvi, Mus-
tionselkä and Nummelanselkä – of the 
lake. Chaoborus flavicans was also ab-

sent from sediment samples taken from 
Kirkkojärvi and Mustionselkä. In Num-
melanselkä, Chaoborus flavicans larvae
were occasionally found in bottom sam-
ples, the density reaching 155 m-2.

The population was densest in spring, 
while in July due to the emergence of 
Chaoborus only 500–2000 ind. m-2 in-
habited the Kiihkelyksenselkä basin. 
During spring, the majority of the popu-
lation was burrowed into the sediment, 
while in high summer (late July–early 
August) only a few larvae were found 
from the bottom samples (Table 1). The 
larvae were again concentrated in the 
sediment in autumn. 

Fig. 5. Population density of Chaoborus flavicans and biomass of cladocerans in Kiihkelyk-
senselkä (modified from II).
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The larvae were of equal size in the 
water column and sediment in winter 
2000 (Fig. 6). In spring, the mean length 
of the larvae in the sediment decreased, 
indicating the earlier emergence of larger 
larvae. The larvae probably remained in 
the water column in autumn until they 
attained lengths sufficient to overwinter 
in the sediment, since the length of the 
larvae decreased in the water but not in 
the sediment. 

Cladocerans formed a maximum 
biomass peak simultaneously with the 
lowest population density of Chaoborus
(Fig. 5). In the pelagic enclosure study  

(III), the biomass of cladocerans showed 
a spring peak in the enclosure without 
fish and Chaoborus, while in the enclo-
sure in which Chaoborus could freely 
migrate, the spring biomass peak of 
cladocerans was missing (Fig. 7). In 
Lake Hiidenvesi in spring-early summer 
the consumption by Chaoborus exceeded 
the production of herbivorous cladocer-
ans (II). In comparison to consumption 
by smelt, Chaoborus consumption was 
much higher, especially in spring and 
again in autumn (Table 2). During and 
after emergence (late July–early August) 
consumption by Chaoborus was low. 

Table 1. Relative occurrence (%) of Chaoborus flavicans in the water column and 
sediment. Values are averages from 1999–2001. Each month has two values: the first 
represents the first half of the month and the second the end. 

Fig. 6. Mean length of 4th instar of Chaoborus flavicans and 95% confidence limits in the 
Kiihkelyksenselkä basin in 2000.
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Table 2. Daily consumption of herbivorous cladocerans by Chaoborus (CHA) and 
smelt in the Kiihkelyksenselkä basin 1999 (percentage of cladoceran production) (modi-
fied from II).

 18-May 26-May 23-Jun 7-Jul 21-Jul 3-Aug 18-Aug 2-Sep 16-Sep 

CHA >100 >100 >100 58 12 12 45 >100 >100 

smelt  21 10 4 3 3 4 8 20 

The main food items for 4th-instar 
Chaoborus were Bosmina and Daphnia
(II, III). With few exceptions, 
cladocerans made up over 50% of the gut 
contents (Fig. 8). In early summer, 
bosminids dominated the gut contents, 
whereas in July the proportion of 
daphnids increased. The selectivity of 
Chaoborus for Bosmina was strongly 
positive throughout the summer (Table 
3). The selectivity for Daphnia was 
positive in 1999 but mainly negative in 
2000. Chaoborus also consumed co-
pepods, but selectivity for copepods was 

always negative. In addition to feeding at 
night a considerable part of the popula-
tion fed during the day at depths of 8–16 
m. In late June and early July 22% of 
Chaoborus in the daytime samples had 
food in their gut. The day- and nighttime 
diets did not differ statistically (P > 
0.05), except in June, when chaoborids 
consumed more bosminids at night than 
during day (P = 0.0002). The diet of 
instars varied: e.g. 4th instars consumed 
mainly Bosmina and Daphnia, while 2nd

and 3rd instars preyed on rotifers and co-
pepod nauplii and copepodids (Fig. 8). 

Table 3. Selectivity of Chaoborus flavicans for Bosmina, Daphnia and copepods 
(modified from II).

Bosmina Daphnia  Copepoda 

1999    

3-Jun 0.99 - -0.99 
18-Jun 0.91 0.58 -0.96 
6-Jul 0.83 0.50 -0.92 

19-Aug 0.69 0.34 -0.62 

2000    

6-Jun 0.93 -0.67 -0.90 
20-Jun 0.65 -0.14 -0.27 
4-Jul 0.73 0.02 -0.91 

19-Jul 0.76 -0.16 -0.84 
1-Aug 0.80 -0.37 -0.41 

16-Aug 0.72 -0.33 -0.12 
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Fig. 8. Diet (frequency of occurrence) of instars 2–4 of Chaoborus flavicans in Lake Hiiden-
vesi in 2000 (modified from Pekcan-Hekim et al. 2006).



21

4.1.1 Cladoceran size structure 

The average size of cladocerans was 
generally small and individuals larger 
than 1 mm were rare in Kiihkelyk-
senselkä (II). Each year in early summer 
the size distribution of cladocerans was 
emphasized around 0.5 mm throughout 
the water column (Fig. 9). After late July 
the size distribution became wider at 10–
15 m depths and the frequency of indi-
viduals larger than 1.25 mm increased. 
The difference in percentage of large 
individuals between the 0–10 and 10–15 
m layers was statistically significant (P = 
0.0025).

In spring and early summer, the 
Chaoborus population was equally dis-
tributed in the water column below 5 m. 
After the thermal stratification was 
developed, the larvae in early July were
concentrated in a sharp layer at 10–15 m 
depths (Fig. 9). In late July-early August 
the population of Chaoborus mainly con-
sisted of young instars that remained near 
the surface. The low number of 4th-instar 
larvae were present at depths of 10–15 m 
during the day. In September, the popu-
lation was denser and Chaoborus were 
situated at depths of 15–20 m. Fish were 
concentrated in the epilimnion through-
out the summer, with very low densities 
occurring under the thermocline (Fig. 9). 

4.2 Effects of turbidity and light 
on the fish predation 

The results from aquarium experiments 
(V) conducted with Chaoborus and smelt 
showed that the prey-capture rate by 
smelt decreased when turbidity increased 
(Fig. 10). At 10 NTU the highest feeding 
rate (27 larvae per fish) was achieved at 
high light levels. At turbidity levels of 20 
NTU and more in very low light (< 0.5 
μE m-2s-1), an increase of even 0.1 μE  
m-2 s-1 in light intensity caused a substan-
tial increase in the feeding rate of smelts, 
while at > 0.5 μE m-2s-1 the feeding rate 
showed only a moderate response to in-
creasing light level. A fivefold increase 
in turbidity (from 10 to 50 NTU) caused 
a 50% reduction in the maximum feeding 
rate.
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Fig. 10. Effects of turbidity and light
intensity on the feeding effi-
ciency of smelt foraging on lar-
vae of Chaoborus flavicans at A)
10 NTU, B) 20 NTU, C) 40 NTU
and D) 50 NTU. Vertical bars
show the standard deviation
(modified from V).

A nonlinear regression model was
fitted to the data (Fig. 11). Based on the
experiments, a parabolic function was
used to describe the relationship between
turbidity and chaoborid mortality, while
the effects of light were described by a
power function. The model was given the
form:

(3) C = -29.207 + 50.490 l 0.179 +
     3.518T – 0.065T2

Where: C = number of larvae eaten
l = light intensity (µE m-2 s-1)

T = turbidity (NTU)

The model is applicable at water tur-
bidities 10 NTU. According to the
model, the optimum turbidity for feeding
efficiency of smelts was 27 NTU.

Fig. 11. Nonlinear regression model de-
scribing the effects of light and
turbidity on the mortality of
Chaoborus due to smelt preda-
tion (reprinted from V).
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4.3 Depth, turbidity and 
distribution of invertebrate 
predators

The community of invertebrate predators 
in Lake Hiidenvesi (IV) varied along the 
basins (Fig. 12). Large invertebrates – 
Chaoborus flavicans and Mysis relicta – 

occurred only in the stratifying area of 
the lake (see also I), while small-bodied 
invertebrate predators – Leptodora kindti
and cyclopoid copepods – inhabited the 
entire lake and especially the shallow 
parts of the lake (IV).

Fig. 12. Turbidity of surface water (NTU) and the biomass of invertebrate predators (μg l-1

dw) in different basins of Lake Hiidenvesi (reprinted from IV).
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5 Discussion 

5.1 Chaoborus flavicans as a 
predator

In the stratifying area of Lake Hiiden-
vesi, Chaoborus flavicans clearly regu-
lated the cladoceran community. Despite 
a dense fish population (20000–40000 
ind. ha-1) occupying the Kiihkelyk-
senselkä basin, Chaoborus was the main 
predator of cladocerans. The dominant 
fish species in the area was smelt, which 
constituted > 95% of the trawl catches 
(Malinen et al. 2005). However, con-
sumption by smelt was very low com-
pared with the estimated consumption by 
Chaoborus and each study year clado-
cerans attained the biomass maximum 
simultaneously with the highest con-
sumption by smelt.  

5.1.1 Seasonal regulation 

The low fish consumption in early sum-
mer was predictable, since in spring 
smelt are typically still near the hatching 
areas (Nellbring 1989). The decrease in 
fish predation did not appear as an in-
crease in cladoceran biomass, which was 
surprising.

In the stratifying area of Lake Hiiden-
vesi, the seasonal succession of cladocer-
ans was exceptional, considering the eu-
trophic state of the lake. The Plankton 
Ecology Group model states that temper-
ate, eutrophic, dimictic lakes in general 
show cladoceran succession, including 
two biomass maxima: one in spring and 
another later in summer (Sommer et al. 
1986). In Kiihkelyksenselkä, the spring 
peak was missing and the highest bio-

mass occurred in midsummer simultane-
ously with the emergence of chaoborids. 
In early summer, the consumption rate 
by chaoborids clearly exceeded the pro-
duction rate of herbivorous cladocerans 
and each year the biomass peak of clado-
cerans coincided with the minimum 
chaoborid density. 

The pelagic enclosure study con-
firmed the results of field observations 
that the strong Chaoborus predation in 
early summer inhibited the cladoceran 
spring peak from developing. Later in 
summer, when the number of 4th-instar
larvae was greatly decreased due to pu-
pation and emergence, cladocerans 
formed a high biomass peak first in the 
net-bottom enclosure and after several 
weeks also in the lake. The increase in 
cladoceran biomass in the lake could 
have been connected with the moderate 
abundance of Chaoborus during the pe-
riod. At that time, the density of the 
Chaoborus population and the size of the 
4th instar of larvae were still too low to 
prevent the growth of cladoceran bio-
mass, but were still numerous enough to 
constitute an alternative food for smelt, 
which could be seen from the stomach 
analysis of smelt (Horppila et al. 2003). 

5.1.2 Effects on size distribution of 
cladocerans

Dodson’s (1974) balanced predation hy-
pothesis states that strong predation by 
invertebrate predators should lead to in-
crease in the occurrence of large-bodied 
zooplankton. Surprisingly, the size of 
cladocerans increased when the predation 
pressure by Chaoborus was weakest. The 
change in cladoceran size distribution 
was still likely attributed to chaoborids, 
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since the most distinct change occurred 
at 10–15 m depths, where chaoborids 
were aggregated during day. The major-
ity of smelt inhabited the epilimnion; 
thus, chaoborids were also able to prey 
on zooplankton during the day, which led 
to a high consumption rate. In high sum-
mer, the emergence of chaoborids al-
lowed an increase in the mean size of 
cladocerans at 10–15 m depths, since 
smelt avoided water layers below the 
thermocline. 

The strong predation pressure proba-
bly prevents cladocerans from attaining 
the body lengths long enough to defend 
them against Chaoborus. The zooplank-
ton size refugia from Chaoborus preda-
tion are highly species-specific, but some 
estimates of requisite size have been 
suggested. Spitze (1985) and Elser et al. 
(1987) proposed that the minimum size 
capable of protecting Daphnia from 
Chaoborus is about 1.4 mm. In general, 
intermediate-sized Daphnia are the most 
vulnerable to Chaoborus predation 
(Pastorok 1981, Spitze 1985, Neill 1978). 
Dodson (1970, 1974) found that daph-
nids at a size of 1.0 mm were most vul-
nerable to predation by Chaoborus flavi-
cans. Thus, in Lake Hiidenvesi the size 
structure of cladocerans was exactly 
suitable for Chaoborus flavicans, since 
large species and individuals were rare. 

5.2 Coexistence of fish and 
Chaoborus

In many lakes, chaoborids cannot suc-
cessfully compete with abundant plank-
tivorous fish, but are themselves regu-
lated by fish predation (Pope et al. 1973, 
Campbell & Knoechel 1990). In Lake 
Hiidenvesi, Chaoborus was the primary 

food for age-group 2+ and older smelt 
before and after emergence (Horppila et 
al. 2003). During the emergence of 
chaoborids, Mysis relicta was consumed 
instead of Chaoborus. Smelt in Lake 
Hiidenvesi grow very slowly, especially 
age 1+ and 2+ (Vinni et al. 2004). This 
was connected with the poor availability 
of intermediate-sized prey, such as 
Chaoborus flavicans and Mysis relicta.
Stomach analysis of smelt showed that 
age 1+ and 2+ fish were constrained to 
shift back to zooplankton prey (from 
Chaoborus and Mysis) in autumn, which 
increased the diet overlap and competi-
tion between the age-groups (Vinni et al. 
2004). Since the population of 
Chaoborus flavicans in Kiihkelyk-
senselkä was also remarkably dense 
during the autumn mentioned, it was sur-
prising that the smelt were starving. 
Clearly, there must be some environ-
mental factors that facilitate the abun-
dance of large population of Chaoborus
in rich-in-fish Kiihkelyksenselkä basin.

5.2.1 Low-oxygen, turbidity and 
darkness as refuges 

In Lake Hiidenvesi, chaoborids occupy 
depths of 12–15 m during day, the verti-
cal distance between the densest swarms 
of chaoborids and smelt being only a few 
metres. A previous study (Horppila et al. 
2000) suggested that the metalimnetic 
oxygen minimum created a refuge for 
chaoborids, facilitating the close coexis-
tence of fish and their prey. The oxygen 
concentration in this layer is not low 
enough to totally restrict downward 
movements of smelt, but smelt have been 
observed avoiding water layers in which 
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the oxygen concentration was < 5 mg l-1

(Moeller & Scholz 1991). 
The aquarium study and the field ob-

servations suggest that clay-turbidity 
strongly contributes to the coexistence of 
chaoborids and smelt at high densities. 
Turbidity exceeding 30 NTU combined 
with light intensity below 0.1 E m-2 s-1

provides an efficient daytime refuge for 
chaoborids. In such an environment, 
chaoborids are able to remain within a 
short distance from their prey, maintain-
ing high predation pressure on the zoo-
plankton, and still be relatively safe from 
fish predation. 

The results suggest that turbidity 
alone does not provide an adequate ref-
uge for chaoborids against fish predation, 
unless combined with very low light in-
tensity. Fish succeeded in preying effec-
tively on Chaoborus at turbidities of 40–
50 NTU if light intensity was above 0.1 
μE m-2 s-1. In Kiihkelyksenselkä, densest 
swarms of chaoborids always occupied 
in water layers, where turbidity was 
above 30–40 NTU and light intensity 
below 0.1 μE m-2 s-1 (V). In the non-
stratifying shallow basins of Kirkkojärvi 
and Mustionselkä, light intensity exceeds 
this level during summer days at the 
bottom of the lake. Chaoborus could 
avoid fish predation by burrowing into 
the sediment (Parma 1971), but even this 
does not protect them from fish in Kirk-
kojärvi and Mustionselkä, where the fish 
community includes species feeding 
effectively from the sediment (ruffe 
Gymnocephalus cernuus (L.) and bream 
Abramis brama (L.)) (Olin & Ruuhijärvi 
2005). Consequently, in non-stratifying 
shallow basins, low water depth restricts 
vertical migrations, low-oxygen refuges 
do not exist and even the high turbidity 
does not protect chaoborids from preda-

tion by dense schools of fish. Thus, the 
size structure of invertebrate predators is 
different in the shallow part of the lake 
community consisting of small species, 
Leptodora kindti and cyclopoid cope-
pods.

5.2.2 Implications for food web 
management

In many cases, invertebrate predators 
increased in abundance after the reduc-
tion of planktivorous fish and contributed 
to the failure of lake restoration (e.g. 
Benndorf 1995, Wissel & Benndorf 
1998). Due to invertebrate predators, the 
total consumption of zooplankton may 
increase despite decreasing fish plank-
tivory. Even though this is widely recog-
nized, invertebrate predators have not 
been the target of intensive research in 
the context of food web management. 

It is generally believed that inverte-
brate predators can significantly regulate 
zooplankton only if the density of plank-
tivorous fish is very low and that their 
negative effects can be prevented by al-
lowing a moderate density of planktivo-
rous fish (Benndorf 1995, Scheffer 
1998). Situations such as in the stratify-
ing area of Lake Hiidenvesi, where both 
invertebrate predators and planktivorous 
fish coexist at high densities, have not 
been considered. Recent studies from 
deep, clay-turbid Lake Rehtijärvi suggest 
that the coexistence of abundant fish and 
Chaoborus may not be unique, but rather 
common in stratifying, clay-turbid lakes 
(unpublished). Cuker (1993) discovered 
that suspended clay altered the trophic 
interactions by weakening the link be-
tween fish and Chaoborus, which in turn 
strengthened the effect of Chaoborus
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predation on crustacean zooplankton. 
This is in accord with the results from 
Kiihkelyksenselkä, where cladocerans 
were regulated by Chaoborus and the 
link between Chaoborus and fish was 
weak. The aquarium experiments also 
support the conclusion that clay-turbidity 
disrupts visual predation by smelt. Since 
food web management largely relies on 
manipulations of fish stocks and the cas-
cading effects of such actions, the valid-
ity of the method in deep, clay-turbid 
lakes may be questioned (VI).

5.3 Applicability of the methods 

5.3.1 Sampling of Chaoborus
flavicans

It is unfortunate, that in lake monitoring 
the density of invertebrate predators is 
often not studied. Furthermore, it is 
likely that the abundance of chaoborids 
has been underestimated especially in 
turbid lakes, since in a turbid environ-
ment the larvae are often permanently 
limnetic (Parma 1971). Chaoborids, as 
well as many other invertebrate preda-
tors, effectively avoid the samplers 
commonly used in plankton sampling, 
and estimates on the abundance of 
chaoborids are often based on bottom 
sampling only (e.g. Hakkari 1978).  

The plankton net is much more reli-
able than a tube sampler to collect 
chaoborids, which became clear when 
sampling simultaneously by net and by 
Limnos tube (zooplankton samples). Oc-
casionally an individual larva occurred in 
zooplankton samples taken by the tube, 
giving no idea about the real density of 

the Chaoborus population in Kiihkelyk-
senselkä. However, due to the relatively 
large mesh size of the net, estimates for 
the abundance of early instars of 
Chaoborus were most likely erroneous. 
The length of the 1st and 2nd instar head 
capsules are 227 μm and 419 μm, re-
spectively (Parma 1969), and since the 
shape of the head is cylindrical rather 
than spherical, most young larvae proba-
bly went through the mesh. 

6 Conclusions 

In this thesis I suggest that Chaoborus
could be successful particularly in deep, 
clay-turbid lakes where they can remain 
high in the water column close to their 
epilimnetic prey without having to diur-
nally migrate long distances. As com-
monly occurs in limnetic Chaoborus
(Parma 1971), chaoborids in Lake 
Hiidenvesi took advantage of the short 
distance from cladocerans, beginning to 
consume them also during day. 

Chaoborus can be especially success-
ful when able to coexist with fish, since 
the selective predation by fish shifts the 
zooplankton size structure towards the 
small size-classes suitable for Chaoborus
(Ramcharan et al. 2001b). In Lake 
Hiidenvesi, both fish and Chaoborus
influence the size structure of zooplank-
ton, the fish by selecting large species 
and individuals and Chaoborus by prey-
ing on all individuals of small species 
and juveniles of large species, thus pre-
venting individuals from achieving later, 
larger stages. 

The planktivorous fish community in 
the stratifying area of Lake Hiidenvesi 
clearly could not control the Chaoborus
population, which Benndorf (1995) and 
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Scheffer (1998) suggested was sufficient 
to prevent the negative effects of inverte-
brate predators. However, there may be a 
threshold for the amount of Chaoborus,
when below this limit both cladocerans 
and smelt benefit from the presence of 
Chaoborus. The moderate abundance of 
Chaoborus could constitute an alterna-
tive food source for smelt, thus decreas-
ing the competition between age-groups 
and releasing the predation pressure on 
cladocerans. This situation occurs in 
Kiihkelyksenselkä just before emer-
gence, when the number of Chaoborus is 
low, but still high enough to be encoun-
tered rather often by fish. Furthermore, at 
that time the epilimnion of Kiihkelyk-
senselkä is less turbid and the steep 
metalimnetic turbidity peak has typically 
not yet been developed (Niemistö et al. 
2005). Unfortunately for smelt, this 
situation is soon over and when the new 
generation of Chaoborus later appears in 
the water column, a strong refuge created 
by the turbidity and oxygen minimum 
has already formed in the metalimnion.  

For lake management, it is challenge 
to create the environmental conditions 
necessary for the population of 
Chaoborus to remain below the thresh-
old. In deep, clay-turbid lakes, food web 
management may not be a reasonable 
method, but all attempts aiming to di-
minish suspended loading from the 
drainage area to the lake should be en-
couraged.

7 Vistas of the future 

7.1 The plankton tower 
experiment in Plön 

Whether the turbidity peak alone – or on 
the other hand oxygen minimum – in the 
metalimnion is an adequate refuge for the 
Chaoborus population could not have 
been examined in situ, because eutrophic 
lakes typically exhibit oxygen gradients 
with depth during thermal stratification. 
Thus, experimental research on the 
vertical distribution of chaoborids in 
occurrence of different refuges or 
combinations of refuges is needed. 

The experimental study will be per-
formed in summer 2006 in the plankton 
towers of Max Planck Institute (Plön, 
Germany). As test animals golden orfe 
(Leuciscus idus) and larvae of 
Chaoborus flavicans will be used. The 
experiment will include four treatments: 
A) both oxygen minimum and turbidity 
maximum in the metalimnion, B) only 
oxygen minimum in the metalimnion, C) 
only turbidity maximum in the 
metalimnion and D) control i.e. no oxy-
gen minimum or turbidity maximum in 
the metalimnion (Fig. 13). The oxygen 
concentration in the metalimnion will be 
low enough to diminish the vertical 
movements of fish, but not be totally 
anoxic, and the concentration will follow 
the oxygen tolerance limits of golden 
orfe. The turbidity maximum should be 
60–70 NTU, similar to that detected in 
the metalimnetic turbidity peak of Lake 
Hiidenvesi.
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         Increase in value 

Fig. 13.  The design of the experiment. 
The dotted line represents the oxygen gradi-
ent and the solid line the turbidity gradient. 

7.2 Humic lakes and 
Chaoborus

Some of the strongest effects of inverte-
brate predators have been found in 
brown-water lakes (Carpenter et al. 1985, 
Ramcharan et al. 2001b). Wissel et al. 
(2003) noted in the whole-lake fish ma-
nipulation experiment that the zoo-
plankton community structure differed in 
two lakes similar in morphometry, but of 
very different water colour. In the brown-
water lake, Chaoborus was more abun-
dant and the zooplankton community 
shifted from small species to large spe-
cies. This was due to the altered light, 
temperature and oxygen profiles in the 
brown-water lake, which reduced the 
foraging abilities of planktivorous fish 
and favoured Chaoborus predation. 

In contrast, our preliminary studies 
showed that Chaoborus is much more 
abundant in clay-turbid lakes (Lake 
Hiidenvesi and L. Rehtijärvi) than in a 
highly humic Lake Horkkajärvi (unpub-
lished). Lake Horkkajärvi (max. depth 12 

m) has a dense perch population, a sparse 
Chaoborus flavicans population and a 
zooplankton community consisting 
mainly of Ceriodaphnia pulchella and 
Eudiaptomus sp. (unpublished). During 
high summer, the hypolimnion is totally 
anoxic, beginning from a depth of 3 m, 
which should offer a perfect refuge for 
Chaoborus.

Several possible reasons may serve to 
explain the surprisingly low Chaoborus
population in Lake Horkkajärvi. For 
example, the sediment could be 
unsuitable for burrowing, which could 
prevent overwintering, or the growth of 
the early instars of Chaoborus could be 
hindered due to low rotifer biomass. 
Also, further research on the differences 
between visual foraging in clay-turbid 
and humic waters is needed. Similar 
aquarium experiments such as those 
conducted with fish and Chaoborus at 
different turbidity levels could be 
performed using various concentrations 
of dissolved organic carbon. 

C DBA
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