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Abstract

The diurnal vertical migrations of smel©émerus eperlanjislarvae of phantom midgeChaoborus flavicans

and cladoceran zooplankton in eutrophic Lake Hiidenvesi were studied in order to clarify the factors behind the
low zooplankton biomass. In the study area, an oxygen minimum occurred in the metalimnion in the 10-15 m
depth. No diurnal fluctuations in the position of the minimum were observed. Cladocerans inhabited the epilimnion
throughout the study period and their vertical movements were restricted to above the thermocline and above the
oxygen minimum.C. flavicansconducted a diurnal migration. During the day, the majority of the population
inhabited the 12 — 15 m depth just in the oxygen minimum, while during darkness they were found in the uppermost

8 m. Smelts started ascending towards the water surface before sunset and reached the uppermost 3 m around
23:00. During daytime, the majority of smelts inhabited the depth of 7-9 m, where the water temperature was
unfavourably high for them (18C). Smelts thus probably avoided the steep oxygen gradient in the metalimnion,
whereasChaoborusused the oxygen minimum as a refuge against predation. Those smelts that were found in
the same water layers &haoborusused the larvae as their main prey. The metalimnetic oxygen minimum thus
seemed to favour the coexistence of vertebrate and invertebrate predators, leading to a depression of cladoceran
zooplankton.

Introduction have usually been connected to predation pressure by
invertebrate predators (Lampert, 1993). Since inver-
Cladoceran assemblages are regulated by both vertebtebrate predators, as well as many fish species, also
rate and invertebrate predators. In order to diminish show migration patterns, the interactions within the
the predation pressure, cladocerans may conduct bothpelagic communities are complex and may cause un-
horizontal and vertical migrations between refuges expected results, e.g. when eutrophicated lakes are
and feeding areas (Stich & Lampert, 1981; Dini & being restored through reduction of planktivorous fish
Carpenter, 1988; Ringelberg et al., 1991; Lampert, (Benndorf, 1995; Wissel & Benndorf, 1998).
1993). In pelagic zones of lakes, where physical Cladocerans can tolerate lower oxygen concen-
refuges such as macrophyte beds (e.g. Timms & trations than fish and may use oxygen gradients
Moss, 1984) are not available, low light intensities as refuges against predation (Zaret, 1975; Shapiro,
or low concentrations of dissolved oxygen may work 1990). According to Hanazato (1992), however, hy-
as refuges against predators (Shapiro, 1990). Thus,polimnetic low-oxygen layers may favour the coexist-
cladoceran zooplankton tend to inhabit deeper waters ence of vertebrate and invertebrate predators, leading
during daylight and migrate upwards at night. Re- to a depression of zooplankton communities. Espe-
versed migrations have also been detected in a numbercially larvae of phantom midgeChaoboru$, which
of studies (e.g. Calaban & Mackarewicz, 1982), and are known as voracious predators on small cladocer-
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ans and copepods (Fedorenko, 1975; Vanni, 1988; Study area
Lair, 1990) are very tolerant to low oxygen concen-
trations (Luecke, 1986). Since chaoborids themselves | ake Hiidenvesi is situated in southwestern Finland.
are favourable food items for fish (Parma, 1971; Eie The total area of the lake is 30.3 RnThe lake is made
& Borgstrom, 1981), they perform massive vertical up of several separate basins with different morpho-
migrations ascending near the surface after sunsetmetry and water quality. The Kiihkelyksenselk& basin,
and descending to deeper waters or to benthic habitatwhere the present study was conducted, has an area of
during the day (Malueg & Hasler, 1966; Parma, 1971). 9.7 kn?, the mean and maximum depths being 11.2 m
In the pelagic zone of Lake Hiidenvesi (south- and 33 m, respectively. The total phosphorus concen-
western Finland), the biomass of cladocerans remainstration in the epilimnion during the open water season
below 50 ug C 7! throughout the summer (Tall- s on average 5@g I-1. Due to suspended inorganic
berg et al., 1999) being low compared with other material and frequent phytoplankton blooms, Secchi
eutrophic lakes in the area (Luokkanen, 1995; Sar- depth rarely exceeds 120 cm. During the summer
vala et al., 1998). The seasonal development of the stratification period, the oxygen profile is negatively
cladoceran biomass is also exceptional. The spring heterograde, an oxygen minimum occurring in the
peak is missing and the highest biomass takes placethermocline. The biomass of cladocerans in the area
in July-August (Tallberg et al., 1999). Both plankti- is below 50g C I"1 and the assemblage is dom-
vorous smelt @smerus eperlanud..)) and larvae of  inated by small-sized species. The average size of
Chaoborus flavicangMeigen) exist in high densities  the most abundant daphni®gphnia cristataSars)
in the water column, explaining the scarcity of clado- remains below 0.6 mm (Tallberg et al., 1999). Plankti-
ceransMysis relictaLoven also inhabits the lake, but  vorous smeltQsmerus eperlanus.)) is the dominant
its density remains below 1 ind. T (unpublished).  fish species in the area (T. Malinen, unpublished).
The cladoceran biomass inversely follows the seasonal Several cyprinid species, including bleaklfurnus
fluctuations of theC. flavicansdensity (unpublished),  alburnus(L.)) and roach Rutilus rutilus(L.)), as well
highlighting the importance of predation in regulating as percids, perchPgrca fluviatilisL.) and pikeperch
the cladoceran community. The mechanisms facilitat- (Stizostedion luciopercd..)) are also common (Vinni
ing the existence of both vertebrate and invertebrate et al., 2000).
predators in high quantities are not known. In summer,
before the emergence Gf flavicansthe hypolimnetic
oxygen concentration stays above 4 mg I(Tall-
berg et al., 1999) and does not considerably restrict
the downward migrations of fish (Wright & Shapiro,
1990). A hypolimnetic oxygen refuge f@haoborus
against the predation pressure by fish (Hanazato, 1992
Irvine et al., 1997) thus does not exist. However, a
metalimnetic oxygen minimum occurs in the lake dur-
ing the summer stratification period (Tallberg et al.,
1999). The effects of metalimnetic oxygen minima on
the movements of fish and invertebrate animals have
only rarely been examined (Schram & Marzolf, 1994;
Aku et al., 1997). In the present study, the diurnal
changes in the oxygen profile and in the vertical dis-
tribution of cladoceran<;. flavicansand smelts were
examined to clarify, whether the metalimnetic oxygen
minimum contributes to the coexistence of smelt and
C. flavicansand thus to the low biomass of cladocer-
ans in L. Hiidenvesi. Data on the diet composition of
smelts are also presented. The mechanisms behind th
metalimnetic oxygen minimum are discussed.

Material and methods

The study was carried out on 21 July—22 July 1998
in the deepest part of the Kiihkelyksenselkd basin
'(water depth 30 m). Samples for chemical analysis,
phytoplankton and zooplankton were taken at 14:00,
21:30, 01:00, 05:00 and again at 14:00. The sampling
times were planned according to sunset (22:15) and
sunrise (4:40). Samples for cladocerans were hauled
with a tube sampler (length 1 m, volume 7.5 I) from
each metre down to 28 m. Samples from 4 m layers
were combined, filtered through a 50m plankton
net and preserved with formaldehyde. Samples for
phytoplankton species composition were taken from
the three uppermost 4 m layers and preserved with
acid Lugol's solution. Oxygen and temperature pro-
files were measured with a YSI oxygen meter and
Aight intensity at different water layers with a LI-COR
guantum meter. The value of the vertical light attenu-
ation coefficient was calculated with the equation

E = In('O/Iz)/Z
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(e.g. Scheffer, 1998), wheteandlg are the intensities  (12:00-18.00) with 7 hauls. The fish were weighed to

of light at depthZ (5 m) and just below the wa- the nearest g and measured to the nearest mm (total

ter surface. Water samples for dissolved phosphoruslength). The stomach contents of the smelts were es-

were taken at each sampling occasion from each of timated with a volumetric points method (Windell,

the 4 m layers, and samples for total phosphorus and1971). The analysed smelts were divided into two

chlorophylla at the last sampling occasion. groups according to the depth of the trawl in the haul:
Inthe laboratory, phytoplanktonwas counted using 5-10 m ( = 40, size range 60—-90 mm) andlO m

the inverted microscope technique introduced by Uter- (n = 127, size range 70-210 mm). The former group

mohl (1958). A minimum of 10 cells from each of the was used to determine the daytime diet of smelt in the

dominant species were measured and the cell numbersepilimnion and metalimnion whereas the latter one is

were converted to biomass using stereometric equa-a pure sample from the hypolimnion.

tions (Edler, 1979). Cladocerans were enumerated us-

ing inverted microscopy and identified to species level.

When available, 30 individuals from each species were Results

measured.

The distributions of fish an@haoboruavere stud- At 0-8 m depth, the water temperature was mainly
ied by echosounding in a fixed transect near the petween 17 and 18C (Figure 1). The thermocline
sampling station at water sampling times, and addi- was at 8-10 m depth, water temperature being 11-12
tionally, from 22:00 to 02:00 at intervals of half an  °C at 12 m depth, thereafter decreasing steadily. The
hour. Echosoundings were conducted with a SIM- concentration of dissolved oxygen in the epilimnion
RAD EY-500-echosounder that was equipped with was 8-9 mgt! with the exception of the last sampling
a split-beam transducer 120-7F (operating frequency occasion (9.6 mgi) (Figure 1). The oxygen concen-
120 kHz and beam opening angleat -3 dB level).  trations at night (1:00 and 5:00) were slightly lower
The transducer was mounted to a towed body, which than those measured during the day. Just below the
was lowered to a depth of 0.6 m. Pulse duration was thermocline, at 10-15 m depth, a metalimnetic oxygen
set to 0.3 ms and ping interval to minimum value. The minimum occurred, the concentration at 12 m depth
echosounding equipment was calibrated by a standardfalling to 4.5 mg 1. At 15-25 m depth, the oxygen
copper sphere (target strength —40.4 dB). The data wasconcentration was 5-6 mg}. The light extincted
analysed with EP 500-software with the time-varied in the upper part of the epi”mnion_ Even during the
gain 20 log R and with an integration threshold of prightest daylight, below 2 m less than 5% and below
—80 dB. For each transect the echo integral values 10 m less than 1% of the surface irradiance remained
(s, m—2) were computed in 20 cm layers. Because of (Figure 1).
the very highChaoborusiensities and the presence of The concentration of soluble reactive phosphorus
small fish it was impossible to separate the echo integ- remained below 5:g 11 in the epilimnion throughout
rals from Chaoborusand from fish by thresholding.  the study period. The concentration increased steeply
Even the method developed by Eckmann (1998) failed towards the deeper layers, being 20-2§ 1= below
to allocate the reflected echo energy @aoborus 25 m depth. There were no differences between the
and fish. However, because the presence of fish assampling occasions. The concentration of total phos-
well as Chaoboruscan be seen from the frequency phoruswas 3@.g |~1 atthe surface, decreased slightly
distribution of integral values in a small volume of in the thermocline and increased thereafter towards the
water (T. Malinen, unpublished), it was possible to deeper layers, exceeding 5§ [-1 at 25 m depth.
divide integral concentrations into three classes: those  The chlorophylia concentration was 12g 11 in
containing mainly fish, mainlﬁ?haoborus and those the surface |ayer, 6y 1 at6m depth and below
containing fish andChaoborusin comparable bio- 3,91~ in the deeper water. Phytoplankton biomass
masses. Due to the difficulties in separating the echo in the surface layer fluctuated between 1.5 and 3.5 mg
integral from Chaoborusand from fish, Chaoborus I-1, except on the last sampling occasion, when it rose
density was estimated by vertical hauls (3 replicates) to 10 mg I (Figure 1). Below 8 m depth, the biomass
with a 180m plankton net (diameter 30 cm) at each \was below 1 mgt!. Phytoplankton was heavily dom-
sampling occasion. inated by cyanophytesAphanizomenon flos-aquae

Smelts for stomach content analysis were cap- (Linné) Ralfs), with diatoms (mainlyRhizosolenia
tured with a pelagic trawl (cod-end 3 mm) on 24 July |ongisetaZacharias andiulacoseira italica(Ehren-
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Figure 1. The vertical profiles of temperature, dissolved oxygen,
phytoplankton biomass and light intensity (plus the light attenuation
coefficient) during the study period.

berg) Simonsen) the second most abundant group. The
initiation of anA. flos-aquaebloom could be traced

in the ascending pattern of the cyanophyte biomass.
The cyanophyte biomass increased from 1.5 (21:30)
to 10 mg 1 (14:00) in the surface layer. Below 8 m,
cyanophytes almost disappeared after sunset, and in
the intermediate layer the biomass peak (at 3.1y |
occurred at sunrise.

The density of cladoceran zooplankton was low.
Only the two most abundant speci2aphnia cristata
andBosmina coregor®.F. Muller occurred in densit-
ies higher than 10 ind . The densities obaphnia
cucullata Sars, Daphnia hyalinaLeydig, Limnosida
frontosa Sars, Diaphanosoma brachyururhieven,
Leptodora kindtiiFocke andChydorus sphaericu®.

F. Miiller remained below 5 ind.~! throughout the
study period. The cladocerans were concentrated in
the upper layers of the water column; over 90% of
all individuals inhabited the 0-12 m depth through-
out the study period (Figure 2). With few exceptions,
over 75% of the cladocerans were found in the epilim-
nion (0—8 m). Cladocerans were small-sizBdphnia
hyalina (1.0 mm), Limnosida frontosg1.2 mm) and
Leptodora kindtii(1.4 mm) were the only species ex-
ceeding 1 mm in average length. The average lengths
of Daphnia cucullataand Daphnia cristatawere 0.6
mm.

Most cladoceran species showed no clear diurnal
migration patterns (Figure 2). The results suggested,
however, thaDaphnia cucullatamigrated bimodally
between the two uppermost water layers (Figure 2).
At the time of sunset and sunrise, the largest part of
the population inhabited the 4-8 m layer, while during
daylight and at the darkest night the majority of the
population was found in the 0—4 m layer (Figure 2).

According to the net hauls the density- (95%
conf. limits) of Chaoborudarvae in the water column
was 1425+ 255 ind nT2. The echosounding revealed
a clear migration o€haoborugFigure 3). During the
day, the majority ofChaoborusinhabited the depth
of 10-15 m. Som&haoborusstarted their migration
upwards already before sunset. At 21:31, two layers
with high Chaoborusdensity could be detected: one
at the depth of 8-10 m and another at 10-15 m. The
latter group started ascending around sunset. At first,
the ascent was slow but after the sunset the migration
speed increased. Son@haoborusstopped their mi-
gration at the depth of 7-10 m at midnight, whereas
others continued towards the water surface. By 1:15
most of these upper-migratirighaoboruseached the
‘blind zone’ of the echosounder. At sunrise (4:29),
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Figure 2. The vertical distribution (proportion of total population abundance) of different cladoceran species during the study period.
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Figure 3. The vertical distribution of echo integralg(en—z) during the study period. The ‘blind zone’ of the echosounder near the water surface
is indicated by a grey layer, ‘f’ refers to fish and ‘c’ @haoborusrespectively. The position of the metalimnetic oxygen minimum is marked
with dotted horizontal lines.
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the descent had not yet started but by afternoon mostoxygen minimum. The oxygen concentration in the
Chaoborushad reached the same depth as during the metalimnion was not low enough to form an un-
previous day. penetrable barrier for cladocerans (Prepas & Rigler,
The majority of smelts inhabited the depth of 7— 1978). Taleb et al. (1993) found that cladocerans mi-
9 m during daytime (Figure 3). They started ascending grated diurnally into hypolimnetic low-oxygen layers
towards the water surface before sunset and reachedo avoid predation byhaoborus In their lake, how-
the ‘blind zone’ around 23:00. By afternoon, most ever, Chaoborusburrowed into the sediment during
smelts again inhabited the same depth as during thethe day. Since in L. Hiidenvesthaoborusstopped
previous day. their downwards migration at 12—15 m depth, crossing
The diet composition of smelt depended clearly on the thermocline did not benefit cladocerans due to the
the sampling depth. In smelt captured from the upper predation pressure yhaoborusn the deeper layers.
10 m layer, cladocerans dominated the diets with 72% Limnetic larvae ofC. flavicanshave been observed
volume percentage, while in deeper ha@lsaoborus to feed throughout the day (Parma, 1971). Avoidance
made up over 70% of the stomach contents. In zo- of steep temperature gradients may also explain the
oplanktonic dietsPaphnig Bosminaand Leptodora aggregation of cladoceran assemblages in the epilim-
were the most important groups (Figure 4). nion (Calaban & Mackarewicz, 1982). Due to the low
transparency of the water, most of the algal biomass
was restricted to the few upper metres, which may
Discussion also partly explain the scarcity of cladocerans below
the thermocline.

The explanations for the occurrence of metalimnetic ~ Bimodal migration patterns in zooplankton as-
oxygen minima include decomposition of settling ma- semblages have been reported. In such cases, however,
terial in the denser water of the metalimnion (Birge Cladocerans have been found to sink during darkest
& Juday, 1911; Thienemann, 1928), methane oxida- hight due to reduced activity (McNaught & Hasler,
tion (Ohle, 1958), respiration by zooplankton (Minder, 1964). Interestingly, the present study suggested that
1923; Shapiro, 1960) and oxygen uptake by the in L. HiidenvesiD. cucullatadescended during dusk
sediment (Alsterberg, 1927). In L. Hiidenvesi, the and dawn, being higher in the water column during
last three hypotheses could be easily rejected. Meth- daylight and the darkest night. A more detailed ex-
ane bubbles reaching the metalimnion would have Pploration of the migration pattern by cladocerans was
been detected by the echosounder. Most likely, how- not possible since the samples were analysed in 4 m
ever, methane would have been oxidized already in layers. The amplitude of migrations by cladocerans
the oxygenated hypolimnion. Nor did respiration by decreases with decreasing body size and water clarity
Chaoboruscause the minimum, since the vertical po- and may be less than 1 m in turbid waters (McNaught
sition of the oxygen minimum did not change in spite & Hasler, 1964; Dodson, 1990).
of the massive diurnal migration l§haoboruswhile The migration pattern bg. flavicanswas similar
the finding by Alsterberg (1927) holds only in lakes to those found in numerous other studies (Malueg &
with gentle slopes (Wetzel, 1983). The densities of Hasler, 1966; Parma, 1971; Sardella & Carter, 1983):
copepods were not explored in the present study, but@ rapid ascent to the surface during darkness and a
in the summer of 1997, when a clear metalimnetic return to deeper layers around sunrise. Such beha-
oxygen minimum took p|ace, no aggregation of cope- viour was most likely connected with predation risk.
pods in the metalimnion was observed (Tallberg et al., Those smelts that inhabited the same water layer with
1999). Thus the decreased concentration of dissolvedChaoborusised the larvae as their main food resource
oxygen was likely connected to the slow sinking rate (Figure 4). The larvae did not, however, dive to near-
of decomposable material in the metalimnion. The re- bottom layers or to the sediment, but the majority of
latively low content of organic matter in the sediment the population stayed in the 11-13 m depth, which is a
also suggests that decomposition of sinking material Common phenomenon in turbid waters (Parma, 1971).
in the water column is intensive. In many lakes, smelts spend the hours of daylight
The results demonstrated that the great majority nNear the bottom and migrate to the surface during night
of cladocerans inhabited the epilimnion throughout (€.9. Heist & Swenson, 1983). Vertical migrations by
the study period and their vertical movements were Ssmelts are regulated by light for prey detection and by
restricted above the thermocline and thus above the water temperature (Hakkari, 1978; Heist & Swenson,



88

<i0m >10m
n=40 n=127
100 ) e B o [ A

90 4

80 4

70
60’.

50 1

%

40 -

30

20 -

10 4 —

0 ' T r T ' Y | |.=

<8.0 8.0-8.9 9.0-9.9 > 10.0 <80 8.0-8.9 9.0-9.9 >10.0

Fish length (cm)

OCladocera MCopepoda HChaoborus flavicans DMysis relicta [Fish

Figure 4. The diet composition (volume percentages) of smelts captured in the Kiihkelyksenselka basin from 5 to 10 m and 10 to 20 m depths
in July 1998.

1983; Burczynski et al., 1987; Nellbring, 1989), but Light for prey detection alone is not a likely explana-
the threat of piscivore predation has also been sugges-tion for such behaviour, since at 8 m depth, where the
ted to induce migration (Gliwicz & Jachner, 1992). majority of smelts stayed during daytime, light was
The nocturnal upward migrations by rainbow smelts practically extinct. The most obvious explanation for
may be restricted by water temperatures in the epi- the unexpected behaviour of smelts is thus the avoid-
limnion (Heist & Swenson, 1983; Burczynski et al., ance of the oxygen minimum in the metalimnion. It
1987). In Europe, smelts may migrate diurnally from can be argued that the heterogradity of the oxygen
20 to 30 m depth to the surface and across temperatureprofile was not important, but that the steeply de-
gradients of more than 10C, but spend the daylight creasing oxygen concentration in the metalimnion was
hours in temperatures below 1G (Dembinski, 1971). enough to restrict the downward migration by smelts.
Generally, smelts seem to avoid temperatures aboveHowever, the majority of th€. flavicanspopulation
14-15°C (Nellbring, 1989, with references). In Lake stopped their downward migration just in the oxygen
Hiidenvesi, the nocturnal upward migration by smelts minimum, suggesting that they used the minimum as
was probably regulated by light and/or prey availab- a refuge. The oxygen concentration in that layer was
ility. In the 0-5 m layer, the zooplankton biomass notlow enough to form an absolute boundary for fish,
is considerably higher than in deeper layers (Tallberg but most likely restricted the time fish were willing
et al., 1999). It was, however, very unexpected that to spend in that stratum (Wright & Shapiro, 1980).
during the day the majority of smelts stayed in the Smelts have been observed to prefer zones where
epilimnion where the water temperature was°%3



oxygen concentration is above 5 mig'l(Moeller &
Scholz, 1991).

According to the present dataset, it seems that in

L. Hiidenvesi the metalimnetic oxygen minimum re-
stricts the vertical downward movements of smelts.
Since the migrations of. flavicansare not affected,

smelt and invertebrate predators are able to coexist

in high quantities, which results in low biomass of
cladocerans.
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