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1. INTRODUCTION 
 
 
1.1. Drinking water supplies 
 
Drinking water comes mainly from surface water and ground water or by 
desalinating sea water. Surface water includes rivers, lakes and reservoirs. In 
Europe, public water supplies rely often on ground water (Freshwater in Europe, 
2005). However, there are many member states of the European Union where more 
than half the water demand is met by surface water resources e.g. Czech Republic, 
Spain, Ireland, United Kingdom. Spain and the United Kingdom have the largest 
number of reservoirs used for public water supply. 

In Estonia, two cities, Tallinn and Narva get treated surface water, the 
remaining households receive their water from wells. Narva abstracts raw water 
from the Narva river and Tallinn from Lake Ülemiste. 
 
 
1.2. Eutrophication as a major challenge for limnologists and 
reservoir managers 
 
Eutrophication has damaged many aquatic ecosystems or has restricted their use 
for human purposes. Symptoms of eutrophication include high algal biomass often 
accompanied by massive summer blooms of cyanobacteria, reduced abundance of 
submerged macrophytes, dominance of plankti-benthivorous fish and low water 
clarity (Moss, 1998). Eutrophication has been studied extensively since the 1960s 
but to date it has remained the major issue and challenge for limnologists and 
reservoir managers (e.g. Jeppesen et al., 2005a; Schindler, 2006). Vollenweider’s 
(1968) first simple model linked eutrophication to nutrient input. To date, billions 
of euros have been invested in wastewater treatment. Besides loading from point 
sources, there is external loading from diffuse sources (e.g. runoff from agricultural 
land, runoff from urban areas), and the need to reduce this has been recognised. 
Unfortunately, reducing the load from diffuse sources is much more difficult than 
dealing with the point sources. Even if the external loading, both from point and 
diffuse sources, has been minimized, high internal loading has been reported as an 
important mechanism delaying waterbody recovery. Recent studies have concluded 
that internal release of phosphorus typically remains for 10-15 years after loading 
reduction (Jeppesen et al., 2005b) and in some lakes may last longer than 20 years 
(Søndergaard et al., 2003).  

The importance of the food chain structure in eutrophication was first realized 
by Shapiro et al. (1975) and was formulated as `cascading effects´ by Carpenter et 
al. (1985) (see Biomanipulation below). Since then, our understanding of 
eutrophication and its management has evolved from simple control of nutrient 
sources to the recognition that it is often a problem brought about by cumulative 
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effects that will necessitate protection and restoration of many features of a lake’s 
community and catchment (Schindler, 2006). A new challenge to future lake and 
reservoir management is climate change and the extent to which increased 
temperature or changing precipitation patterns may influence the choices and plans 
for restoration. (e.g. Mooij et al., 2005). Numerous lake and reservoir restoration 
techniques have been developed and used during the past decades to combat 
eutrophication and to overcome chemical or biological resistance (e.g. Cooke et al., 
1993; Meijer et al., 1999; Jørgensen et al., 2005). 

Eutrophication is a serious environmental problem, and extensive use of surface 
water as raw water has been an important reason to restore eutrophic waterbodies. 
Better raw water quality for water suppliers would offer many advantages, 
including greater processing efficiency and reliability, capital and operational cost 
savings, and a lower dependency on chemicals for water treatment. The European 
Water Framework Directive (Directive, 2000) requires that all waterbodies achieve 
Good Ecological Status or Potential by 2015. Thus, there is a great need to study 
waterbodies as well as understand and predict the outcome of management actions 
on waterbodies, including drinking water supplies. 
 
 
1.3. Biomanipulation as management tool 
 
1.3.1. Theory of biomanipulation 
 
The impact of fish on water quality within the concept of biomanipulation have 
been one of the most inspiring in the history of freshwater ecology (Hrbaček et al., 
1961, Shapiro et al., 1975). This applies both to basic scientific research and to 
water quality management (Carpenter et al., 1985; Benndorf, 1988). During the 
past two decades numerous papers on various aspects of biomanipulation have 
been published, including a number of review articles (e.g. Benndorf, 1990; 
Hansson et al., 1998; Mehner et al., 2004); special issues have also been released 
on the topic (e.g. Gulati et al., 1990; Kasprzak et al., 2002). 

There are two prevailing views on how biomass in the pelagic food web is 
controlled: from below by resource (bottom-up) or from above by consumers (top-
down) (Cascading effect, Carpenter et al., 1985). If the abundance of planktivorous 
fish is reduced, the density and size of zooplankton, mainly large-bodied 
cladocerans, will increase, which results in increasing grazing pressure on 
phytoplankton. This in turn leads to lower algal biomass and higher water 
transparency. It has long been known that high predation pressure of fish plays a 
major role in structuring freshwater zooplankton communities (e.g. Brooks & 
Dodson, 1965; Hambright, 1994), but the zooplankton ability to utilise 
phytoplankton has been found to be more variable (e.g. Lammens et al., 1990; 
Sarvala et al., 2000a). Benthivorous fish affect the bottom-up forces regulating 
phytoplankton directly through the resource by increasing the amount of suitable 
nutrients. Benthivores release nutrients from the sediment when foraging for food 
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and keep the uppermost sediment layer loose and prone to resuspension (e.g. 
Meijer et al., 1990; Scheffer et al., 2003).  

Earlier successful biomanipulation was often associated with the presence of 
large cladocerans (top-down control); it is now known that both top-down and 
bottom-up forces operate simultaneously (Vanni & Layne, 1997; Jørgensen et al., 
2005). Apart from top-down and bottom-up forces, biomanipulation has triggered 
new relationships between the littoral and the pelagial (indirect effects, Lammens 
et al., 1990 and secondary processes, Hansson et al., 1998) including increased 
availability of light, extention of macrophyte beds, reduction of resuspension etc. 

With the increasing knowledge of the interactions in lake food webs, expanded 
also by biomanipulation case studies, an alternative stable states theory was 
developed by Scheffer (1998). During eutrophication, lakes may change from a 
clear water state, dominated by macrophyte, cladocerans and piscivores, to a turbid 
state, dominated by phytoplankton and cyprinid biomass. Due to high resistance, 
shifts between clear and turbid states may be driven by several different 
mechanisms, a drastic natural event such as extreme weather conditions, for 
example, or a stepwise change as a result of restoration measures, including 
biomanipulation. Plankti-benthivorous fish seem to stabilize the turbid state, 
whereas macrophytes stabilize the clearwater state (Moss et al., 1997; Jeppesen et 
al., 1998; Scheffer, 1998). Macrophytes reduce sediment resuspension, increase 
sedimentation, compete for nutrients with algae and provide a refuge for 
zooplankton and young-of-the-year (YOY) fish against predation by fish (e.g. 
Schriver et al., 1995; Ibelings et al., 2007). Recolonization of macrophytes usually 
occurs when light conditions improve in a body of water (e.g. Scheffer, 1998). 
 
 
1.3.2. Potential and problems 
 
Biomanipulation is considered to be a supplementary or follow-up procedure to 
load reduction, used to speed up the recovery of the waterbody (e.g. Kasprzak et al. 
2002; Jeppesen et al. 2007). It has proved to be an effective method of lake 
restoration in overcoming a biological residence (Jeppesen et al., 2007). According 
to Mehner et al. (2002), the average success rate of food-web manipulation is about 
60%, while only 15% of the whole-lake biomanipulation experiments re-analysed 
by Drenner & Hambright (1999) were considered a definite failure. 
Biomanipulation is considered a relatively low-cost method compared to traditional 
physico-chemical methods (Jeppesen & Sammalkorpi, 2002; Jeppesen et al., 2007) 
and should be implemented after reduction of external loading and tested before 
sediment removal (Moss et al., 1997). There is widespread consensus that fish 
manipulation probably has a much higher success rate in shallow lakes (e.g. Meijer 
et al., 1999; Benndorf et al., 2002), although in recent years several successful fish 
manipulation projects have been reported from deep lakes or reservoirs (e.g. 
Scharf, 2008). 

After some three decades of research, practice and analysis, many questions 
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have been answered, but the following problems have remained or have arisen: 1) 
inadequate reduction of external loading and high rate of internal loading; 2) YOY 
fish recruitment; 3) failure or delay in the development of macrophyte vegetation; 
4) failure to establish piscivores stock to regulate the standing crop biomass of 
planktivorous fish to the desired low levels. 

The debate over the practical use of biomanipulation in lake management 
continues, and case studies have been invaluable in exploring the mechanisms and 
processes involved in the top-down and bottom-up impact on lake food webs. 

 
 

1.4. A summary of research in Lake Ülemiste 
 
Lake Ülemiste has a diverse and long – dating back to the 14th century – history of 
exploitation as a water source for the city of Tallinn. Yet despite this, the lake has 
received little attention from aquatic scientists, and there are few publications about 
its management or the investigations that have been undertaken in the past. 

According to Wellner (1922), the lake level measurement started in 1879. At 
the end of the 19th century and the beginning of the 20th century, low lake levels 
caused by dry years led to several failures to supply the city with water (I, Fig. 2). 
As a result, engineers studied the lake water regime and groundwater levels in 
order to come up with solutions to guarantee water for the city all year round 
(Zimin & Co, 1908). 

The first comprehensive limnological investigation was carried out by 
Schneider (1908), who described the lake´s fauna and flora, and mentioned 
frequent cyanobacteria blooms in the lake. In addition to Schneider, Pork (1968) 
and Mäemets (1979) have studied Ülemiste´s macroflora. During the Soviet period, 
data on the zooplankton and the phytoplankton of Lake Ülemiste were published 
by Haberman & Mäemets (1979) and Pork et al. (1980), respectively. Zoobenthos 
of the lake have been studied by Schneider (1908) and Timm et al. (1979). 
Information on fishing and fish stock in Lake Ülemiste was episodic (Reinvaldt, 
1941; Mäemets, 1968; Kangur, 1998). Articles about water quality and the nutrient 
balance of Lake Ülemiste were written by Simm et al. (1980) and by Loigu & 
Marksoo (1980). Kessel et al. (1986) wrote about the geological development of 
the lake. The most recent investigations have been those on the underwater light 
climate of the lake of Erm et al. (2001) and Reinart et al. (2001). Faulkner et al. 
(2003) proposed a water quality management plan for the water supply of Tallinn. 
The most recent article concerns the privatization of Tallinn Water (Vinnari & 
Hukka, 2007). 
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II Reinart, A. & T. Pedusaar, 2008. Reconstruction of the time series of the 
underwater light climate in a shallow turbid lake. Aquatic Ecology 42: 5-15. 
III Pedusaar, T., E., Loigu, A. Pyrh & M. Pihlak, The influence of city water 
consumption on the water balance and quality of drinking water supply with 
implications for altered operating rules. Accepted in Water Science and 
Technology. 
IV Pedusaar, T., I. Sammalkorpi, A. Hautala & A. Järvalt, 2008. Biomanipulating 
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Publishing, Blackwell Publishing Asia Pty Ltd and Springer Science and Business 
Media B. V., respectively. 
 
 
Articles Original idea Study design 

and methods 
Data gathering Contribution to 

result 
interpretation 
and manuscript 
preparation 

Responsible for 
result 
interpretation 
and manuscript 
preparation 

I TP, TT TT, TP TT, TP TP TT, TP 
II TP, AR AR, TP TP, AR TP AR, TP 
III TP TP, EL, 

MP,AP 
TP, AP EL, MP TP 

IV TP, IS TP, IS TP, AH, AJ IS, AH, AJ TP, IS 
V TP, IS TP, IS, AH, 

AJ, JS 
TP, AH, AJ IS, AH, JS, AJ, 

MP 
TP, IS 

 
AH= Arto Hautala, AJ= Ain Järvalt, AP= Anna Pyrh, AR= Anu Reinart, EL= Enn 
Loigu, IS= Ilkka Sammalkorpi, JS= Jaana Salujõe, MP=Margus Pihlak, TP= Tiia 
Pedusaar, TT= Tiiu Trei 
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2. STUDY OBJECTIVES 
 
The goal of the study was to produce more information in order confirm the need 
for and to assess the results of research and management of Lake Ülemiste, the 
drinking water supply for the capital of Estonia. 
 
Particular objectives were as follows: 
 
1. To provide an overview of macroflora development in Lake Ülemiste, 

highlighting possible environmental factors affecting them during the 20th 
century (I) 

2. To study the underwater light climate of Lake Ülemiste by reconstructing time-
series of optical properties using data from the routine monitoring program and 
calibrating these against in situ and laboratory measurements (II) 

3. To show the effects of city water consumption on the water balance and water 
quality of the lake (III) 

4. To elucidate the potential for biomanipulation as a method of improving water 
quality in Lake Ülemiste (IV) 

5. To explore how nutrients, plankton and water transparency reacted during 
manual fish removal and in the subsequent year (V) 

6. To highlight issues and make recommendations for the future management of 
the lake (I, II, III, IV, V) 

 
Contributed articles involve different timespans: I (1900-2004); II 1978-2004); 
III (1990-2006); IV (2000-2003) and V (2000-2007). 
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3. MATERIAL AND METHODS 
 
 
3.1. Study area 
 
Lake Ülemiste (59º 24' 1'' N and 24º 45' 48'' E), the fourth largest lake in Estonia 
(9.75 km2; mean depth 3.4 m; maximum depth 5.2 m; total volume at normal pool 
level (36.6 m above the sea level (m.a.s.l.) according to the Baltic system) 32 Mm3) is 
situated on the southernmost border of the Estonian capital, Tallinn (Fig 1). 
 

 
 
Fig. 1. Location of Lake Ülemiste with schematics of the catchment area 
 
Lake Ülemiste is, in origin, a natural lake. It had multiple uses in the past, but now 
it serves solely as a source of water supply to the city of Tallinn. The Water 
Treatment Plant of Tallinn (WTP) takes water from Lake Ülemiste to produce 
drinking water for about 90% of the city of Tallinn (c. 0.4 million inhabitants). 
Public activities in the lake (fishing, swimming, boating) are prohibited. The lake is 
polymictic and shallow with hard water (Erm et al., 2001). It usually has a stable 
ice-cover for approximately 141 days a year. The lake has a gently sloping littoral 
zone. The shoreline is regular and highly developed with a few sheltered bays and 
floodplains. The bottom of the lake is mainly covered by soft sediments (mud) 
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along with some sand and gravel. Accelerating  eutrophication was identified in the 
second half of the 1960s (Pork et al., 1980) and Lake Ülemiste has now been 
classified as an eutrophic or even hypertrophic waterbody (Erm et al., 2001). Using 
the principal scheme of Water Framework Directive for surface water status 
assessment, Lake Ülemiste fall into the `moderate` category (Estonian 
Environment Information Centre). 

Regulation of the water level started in 1922 via the man-made Pirita-Ülemiste 
Canal which connects Lake Ülemiste and the Pirita river (Fig. 1). The natural 
catchment area of Lake Ülemiste (79 km2) was enlarged by a factor of c. 23 in the 
period 1922-1987 to meet the increasing water demands of the city of Tallinn (Fig. 
2). Despite active regulation of the lake level, there was considerable fluctuation in 
annual water levels up to the beginning of the 1990s (I) when the city’s water 
consumption started to decrease steadily (III and Fig. 2). Currently, the catchment 
area extracts water from four rivers (Pirita, Jägala, Soodla and Pärnu) by means of 
a network of interlinking reservoirs, rivers and canals (Fig. 1) covering 1865 km2, 
i.e. approximately 4.5% of the Estonian territory. Agricultural land along with 
forest and semi-natural areas cover 85% of Lake Ülemiste’s natural catchment area 
including the Pirita-Ülemiste Canal drainage basin. Urban areas (ca 10%) are 
situated to the north of the lake but these spread also to the southern part after 1991 
due to the suburbanization process around Tallinn (Tammaru, 2002). 
 

 
Fig. 2. Water demand of the city of Tallinn in 1880-2006. 
 
3.2. Sources of data 
 
The long-term water quality database of Lake Ülemiste and its catchment area, 
adjusted to monitor raw water quality for the proper operation of WTP was used. 
The author of this thesis was responsible for routine sampling of the lake, 
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microscopic analysis of plankton, and measurements of chlorophyll a (Chl a) in 
1996-2003 and, since 2001, for designing a monitoring program for the lake and its 
catchment area. Samples to determine biological and hydrochemical characteristics 
were taken from the lake near the intake of the plant and from inflows (Fig. 1). 
Sampling frequency varied according to changes in the routine monitoring 
program: the usual frequency was once a week and the minimum frequency once a 
month. 

The long-term hydrological characteristics database of WTP was computerized 
and missing data were obtained from EMHI. The water level of the lake was 
recorded every day. Inflow released into the Pirita-Ülemiste Canal from the 
Vaskjala hydropoint was gauged manually up to 1999 and automatically since 
2000. 

Specific research work was carried out, and samples collected, for a macrophyte 
survey (I), for the parameterization of an optical model in reconstructing the 
underwater light climate (II), and for the planning phase of biomanipulation (IV). 
In addition, parameters, such as Secchi disc, Chl a, zooplankton species 
composition and biomass, were included in the routine monitoring program in 
2003 in order to estimate the success of biomanipulation (IV) and the lake’s 
response to biomanipulation (V).  
 
3.3. Analyses of ecological characteristics 
 
Table 1 presents a summary of the biological, hydrochemical, underwater light 
field, and hydrological characteristics used in this study. 
Biological characteristics. Routine quantitative samples of phytoplankton were 
preserved with acid Lugol solution, settled and counted according to the Utermöhl 
technique (Utermöhl, 1958) using an inverted microscope (II, IV, V). Cell/colony 
numbers were converted to biomass by stereometrical formulae as described by 
Blomqvist & Herlitz (1998). Pico- and micro-size cyanobacteria colonies were 
identified, according to Komárek & Anagnostidis (1999), in qualitative samples 
using a Zeiss Axiovert 100 microscope (magnification 10x100) (V). Chl a was 
determined spectrophotometrically after ethanol extraction at room temperature 
and using the equations of Jeffrey & Humphrey (1975) (II, IV, V). Phytoplankton 
and Chl a samples were taken at the same time with an 1l Ruttner sampler. 
Zooplankton samples were filtered through a plankton net (mesh size 25 µm) and 
counted using a stereomicroscope. Zooplankters were divided into three groups: 
Cladocera, Copepoda and Rotifera (IV). Measurements and identification up to 
species level were initiated in September 2003. The wet weight of a specimen was 
calculated on the basis of its length using Ruttner-Kolisko (1977) formulas for 
rotifers, and Studenikina & Cherepakhina (1969) and Balushkina & Winberg 
(1979) formulas for cladocerans and copepods (V). The filtering rate of 
cladocerans was estimated using the regression equation given by Knoechel & 
Holtby (1986) (IV, V). 
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Table 1. Summary of main ecological characteristics measured, calculated and 
analysed for different papers. 
 I II III IV V 
Biological characteristics 
Phytoplankton biomass  x  x x 
Phytoplankton community composition    x x 
Chlorophyll a (Chl a)  x  x x 
Secchi disc readings     x 
Macrophyte community composition x     
Macrophyte coverage x     
Maximum width of macrophytes x     
Maximum colonization depth of macrophytes x     
Zooplankton community composition    x x 
Zooplankton biomass     x 
Zooplankton abundance    x x 
Filtering rate of cladocerans    x x 
Species composition of fish stock    x  
Catch per unit effort by weight (CPUEw )for passive and active gears    x  
Catch per unit effort by numbers (CPUEn )for passive and active gears    x  
Young-of-the-year (YOY) fish density    x x 
Size distribution of fish captured by different gears    x  
Hydrochemical characteristics 
Total phosphorus (TP)    x x 
Total nitrogen (TN)    x x 
TN/TP ratio    x x 
Water colour  x x   
Water turbidity  x    
Potassium permanganate consumption (CODMn)   x   
SO4 

2-   x   
Cl-   x   
Ca 2+   x   
HCO3 -   x   
Alkalinity   x   
Coloured dissolve organic matter (CDOM)  x    
Temporary hardness   x   
Permanent hardness   x   
Tripton (or abioseston , inorganic particulate matter)  x    
Suspended matter  x    
pH   x   
Underwater light field characteristics 
Underwater downward irradiance profiles  x    
Incident irradiance  x    
Diffuse attenuation coefficient in the PAR (photosynthetically active region,  
400–700 nm) region (Kd, PAR) 

 x    

Average light availability in the mixed layer (Emix)  x    
Euphotic depth (21%) x x    
Hydrological characteristics  
Water levels of the lake x     
Hydraulic retention time (HRT) or water residence time (WRT) x  x  x 
Input of water balance   x   
Output of water balance   x   
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Macrophytes were studied in 232 sites covering the entire shoreline of the lake 
(I). The sites were determined by the uniformity of the vegetation; as this changed, 
a new site was designated. Dominant species with a list of other taxa, total 
coverage of vegetation, and the depth limits of the sites were recorded. The mean 
GPS (Geographical Position of Sites) was used for the exact fixing of sites. The 
distances from the shoreline and the surface covered by macrophytes were 
calculated using the digital map produced by the Estonian Map Centre, based on 
flight data in 1994 and 1995, and the MapInfo program. The frequency was 
estimated by the equation: 

 
F= n/N*100%, 

 
where: 

N is the total number of studied sites (232) 
n is the number of sites where specific species were recorded.  

 
The guides devised by Mäemets (1984) and Leht (1999) were used for identification 
of vascular plants, and plant names are given according to these authors. The algae 
were distinguished using criteria developed by Vinogradova et al. (1980). 

Test fishing was carried out in the late summer-autumn 2002-2003 with active 
gears (purse seine and trawl) and passive gears (multimesh gillnets, standard 
gillnets and fykes) (IV). Twenty trawl hauls (each of 15 min duration) were made 
with a pelagic bottom trawl (4.5 m width; 2.5 m depth; 5 km h-1 trawl speed) with a 
15 mm mesh size in the cod end. A purse seine, covering a ring area of 0.1 ha, and 
with mesh sizes ranging between 10 and 3 mm was used (a total of 15 hauls). 
Fykenet fishing (two fykes, 52 fyke-days) was carried out by the shore and in the 
pelagial, with a mesh size in the cod end of 16 and 22 mm, respectively. Multimesh 
gillnets (1.5 x 35 m), consisting of 13 panels (3 m each) with a mesh size of 6.25, 
8, 10, 12.5, 16.5, 19, 22, 25, 30, 35, 43, 50 and 55 mm (from knot to knot), were 
set (a total 34 net-nights). Both pelagial and littoral areas were sampled. The nets 
were set in the evening, and hauled in in the morning, with an average fishing time 
of 12 h. The multimesh gillnet survey was supplemented using 30-m long standard 
gillnets (mesh sizes of 40, 45, 50, 55, 60 and 65 mm), with a total fishing effort of 
47 net-nights. The catch from each gear was handled separately, sorted by species, 
counted and weighed. Every fish was measured (total length, TL, 1 cm) to establish 
length distribution. 

Hydrochemical characteristics. Most of the hydrochemical parameters (II, III, 
IV, V) in the routine monitoring program were analysed according to ISO 
standards in the laboratory of WTP. The laboratory  has held an ISO 17025 
certificate since 2001 and participates in international competency testing 
programmes. The exception to this was analysis of samples taken during 
underwater light studies in the lake (II) of coloured dissolved organic matter 
(CDOM) and suspended matter. Suspended matter was determined by its dry 
weight after filtering the water samples through a cellulose acetate filter (pore size 
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0.45µm). CDOM expresses the absorption coefficient at a wavelength of 380 nm. 
Tripton was estimated assuming a 1:100 ratio between Chl a and the dry weight of 
phytoplankton (Reynolds, 1984; Phlips et al., 1995). Water temperature was 
measured in situ with a Marvet Junior oxygen meter. 

Since water colour was estimated by different colour scales (Cr-Co and Pt-Co), 
the values were converted into the same unit before they were used (II, III). The 
equation: 

 
Pt-Co unit=2.080*(Cr-Co unit)–0.455 

 
was derived (II) to transform earlier colour data in Cr-Co scale into the Pt-Co 
scale. 

Underwater light field characteristics. Underwater downward irradiance in the 
PAR region was measured at different depths using a LI-COR quantum sensor 
(model LI-192 SA; Lincoln, Nb.) (units: µmol m-2s-1). Alongside these underwater 
measurements, incident irradiance was measured with an air pyranometer LI-200 
SA (over a range of 400–1100 nm) with the aim of making adjustments to the 
results of underwater irradiance in line with variations in the incident irradiance. 
The first record of irradiance was always made at 0.01 m, then at every 0.3–0.5 m, 
with the lowest depth varying according to the depth of the bottom. The mean 
value of the attenuation coefficient over the PAR region and the depth Kd,PAR was 
calculated by an exponential fit of irradiance results versus depth. The R2 value of 
the exponential fit was always higher than 0.95. 

Hydrological characteristics and nutrient balance. The water level of the lake 
was read off from the permanent graduated staff gauge. All water level 
measurements were converted to the same geodetic height level (above sea level) 
according to the Baltic System (I). 

The hydraulic retention time (HRT) or water residence time (WRT) was 
calculated by dividing lake volume by total output (I, III, V). 

The water balance (III) was calculated by the formula: 
 

I+P-E-O-EXF±∆STOR=0 
 
where: 

I - input (regulated inflow from the Vaskjala hydropoint into the Pirita-
Ülemiste Canal and run-off from the lake catchment area); 

P - precipitation on the lake surface; 
E – evaporation; 
O - output (abstraction for drinking water treatment and flow through the 

emergency outlet); 
EXF - groundwater outflow (0.17 m3 s-1; Tepaks, 1946); 
∆STOR - change in lake volume. 

Regulated inflow released into the Pirita-Ülemiste Canal was gauged manually, but 
in 2000 automatic flow-gauging systems were installed. Whenever the canal was 
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closed, only the run-off from the canal catchment area (28.7 km2) was taken into 
account using the hydrological analogy method. Calculations were based on the 
daily run-off data of the nearby River Leivajõgi (gauging station Pajupea, 
catchment area 96.2 km2) measured by EMHI. In addition, inflow from the Kurna 
Canal was calculated using the analogy method and data from the River Leivajõgi. 
Precipitation data were obtained from the EMHI database. Evaporation was 
calculated using equations given in Nõges et al. (2003). Water balance calculations 
were made on a monthly basis but the results are shown on an annual basis. 

Mass balance calculations of TP (IV, V) were carried out using the equation 
given by Cooke et al. (1993): 
 

TPsed= TPin – TPout - ∆TP, 
 
where: 

TPsed is net internal budget; 
TPin is external load; 
TPout is outflow loss; 
∆TP reflects the changes in water column TP storage over time. 

 
The water balance calculation of Lake Ülemiste was the basis for the mass balance 
calculation indicated in this thesis. Atmospheric loading and exfiltration, as sources 
of minor importance in the water balance, were omitted in the mass balance study. 
 
 
3.4. Statistical analyses 
 
Data processing was carried out using the computer program SYSTAT 8.0 and 
Statistica 5.2. Where needed, data were transformed. Pearson´s correlation 
coefficients with Bonferroni corrections were calculated to measure the 
relationship between different water quality parameters and temperature or between 
components of water balance (III, IV). Univariate and multivariate linear 
regression analysis was applied to identify causal relationships between water 
quality parameters (IV, V). Differences in water quality parameters between the 
pre-manipulation, manipulation and post-manipulation periods were tested using 
one-way ANOVA with a post hoc Bonferroni test (V). In article III, multivariate 
Mann-Kendall tests were carried out by the program developed by Libiseller & 
Grimvall (2002) to detect trends in water quality parameters. In article II, linear 
correlation coefficients between optically active substances (OAS) and long-term 
water quality parameters were calculated. To estimate of Kd, PAR stepwise multi-
component regression analysis and non-linear estimations were used. 



22 

4. RESULTS AND DISCUSSION 
 
 
4.1. Macrophytes in Lake Ülemiste 
 
4.1.1. Changes in macroflora during the 20th century 
 
Comparison of 2000 study results with previous ones (1904; 1965 and 1975) 
revealed that the total coverage of macrophytes and the maximum width of the 
macrophyte zone have decreased in the course of 100 years (I, Fig. 1 and Table 4). 
At the same time, although the floristic composition has not changed, relationships 
between different species have changed. Scolochloa festucacea, the main dominant 
in the lake in 1904, lost its primacy, coming only fourth in 2000. Since 1965, 
Phragmites australis has become the primary dominant in the lake. An extension 
of the reed belt has also taken place in other Estonian lakes such as Peipsi and 
Võrtsjärv (Mäemets, 2005). Schoenoplectus lacustris and Polygonum amhibium, 
too, steadily expanded their area of distribution, taking second and third ranking 
respectively in Lake Ülemiste in 2000. 
 
 
4.1.2. Environmental factors affecting macrophytes in the 20th century 
 
In contrast to phytoplankton or bacterioplankton, macrophytes react slowly but 
progressively to changes in the aquatic environment. Therefore macrophytes 
should function as integrators of environmental conditions to which they are 
subjected and thus can be used as long-term indicators (Melzer, 1999). 

One hundred years is a long period of time, and both natural succession due to 
lake ageing and intensive human interference have produced complex changes in 
Lake Ülemiste. A number of studies (e.g. Coops et al., 2003; Jeppesen et al., 1998) 
have suggested that water-level fluctuations may be a catastrophic disturbance for 
submerged plant communities. Changes in Lake Ülemiste water levels were 
impressive during the 20th century (I, Fig. 2). We were able to compare four 
different periods: 1880-1921; 1922-1960; 1961-1990; 1991-2004. Despite the 
introduction of lake level regulation from 1922, large fluctuations in inter- and 
intra-annual water levels were common, except in 1991-2004 when the decline in 
city water demand started (Fig. 2). From the beginning of the 1960s one could 
detect a continuous increase in the mean annual lake level (I, Fig. 2). Lower water 
levels, and therefore a smaller mean depth in the first period would explain the 
greater maximum distance of macrophytes from the shore in 1904, and could also 
account for the dominance of Scolochloa festucacea. Widely fluctuating water 
levels were considered a clear contributory factor to the loss of macrophyte habitats 
in the lake during the 20th century.  
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Poor underwater light conditions have been considered one of the main reasons 
why submerged macrophytes do not develop in turbid lakes (e.g. Jeppesen et al., 
1998). An improvement in underwater light conditions, expressed as the euphotic 
depth, and an increase in the mean water level coincided at times during the period 
1990-2004 (I, Fig. 3), and we concluded that this was the reason for the lack of any 
pronounced improvement recently in the development of the macrophyte 
community. However, in August 2004 new large canopies of Potamogeton lucens 
f. acuminatus were recorded in the southern and northern parts of the lake, which 
suggested a sign of possible macrophyte recovery. 

Apart from lake-level fluctuations and underwater light conditions, we 
highlighted other factors that could have affected the macrophytes in the course of 
100 years: 1) soft sediments, which have also been mentioned by earlier authors 
(Schneider, 1908; Mäemets, 1979); 2) numerous shoreline renovations could have 
had an adverse effect on the development of macrophyte coverage; 3) fish could 
have affected vegetation, especially benthivorous bream, the abundance of which 
in Lake Ülemiste had already been recorded by Schneider (1908) and a high 
biomass of which was revealed during our test fishing and fish removal (IV, V). 
We emphasized that none of the highlighted environmental factors were mutually 
exclusive (I) and all could play an essential role in the development of the 
macrophyte community. 
 
 
4.2. Underwater light climate in Lake Ülemiste 
 
4.2.1. Kd, PAR derivation from long-term monitoring data 
 
Understanding the functioning of lake communities requires a basic understanding 
of under-water optics (Scheffer, 1998). Although Lake Ülemiste was monitored 
regularly, data specifically on the optical properties of the water were not available. 
However, long-term data (1978-2004) on colour, turbidity and phytoplankton 
biomass were archived, and specific underwater light measurements in 1997-1999 
were carried out. These provided a basis from which to estimate light attenuation in 
water with depth (II). 

According to Kirk (1994), the diffuse attenuation coefficient (Kd) in natural 
water can be separated into a set of partial diffuse attenuation coefficients, each 
corresponding to a different component of the medium (water itself, 
phytoplankton, CDOM and tripton, accordingly Kw, Kph, KCDOM and Kt): 

Kd= Kw+ Kph+KCDOM + Kt 

While we did not have all the component parameters of the equation, we found 
relationships between optically active substances (OAS) and long-term data. We 
demonstrated that the measured water parameters, colour and turbidity, described 
the optical properties of the water, i.e. absorption and scattering, in a meaningful 
way. Water colour correlated well to CDOM (R=0.72) showing that it is a powerful 
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absorbing component in Lake Ülemiste as it is in many other Estonian lakes (Arst 
et al., 1999; Reinart et al., 2003, 2004). Water turbidity was related to 
concentrations of suspended matter (R=0.68). Thus our results accorded well with 
common knowledge (Dekker et al., 1995; Reinart & Valdmets, 2007). Using 
stepwise multi-component regression analysis and non-linear estimations, the semi-
empirical model included phytoplankton biomass and water colour as independent 
variables: 

Kd, PAR = 0.64(±0.07)+0.006(±0.0001)*Colour1.39+0.22(±0.02)*Cph 0.53 

The turbidity was not statistically significant. 
 

Our result is consistent with similar studies carried out previously in Estonia 
suggesting that Kd,PAR is more affected by phytoplankton and CDOM than by 
inorganic particles (Reinart et al. 2001). Based on comparison of the 1997-1999 
water parameters with those of 1978-1996 and 2000-2004 (II, Fig. 2), we assumed 
that the same relationships had to be valid for all datasets. In addition, the 
frequency distribution for measured (1997-1999) and simulated (1978-1996 and 
2000-2004) mean Kd,PAR were similar (II, Fig. 3).  

We concluded that the model calculates Kd,PAR in a meaningful way for Lake 
Ülemiste and made it possible to draw on and use the available time-series data. 
Our study also showed clearly that the underwater light climate is largely 
dependent on catchwater colour.  
 
 
4.2.2. Euphotic depth (z 1%) and average light availability in the mixed 
layer (Emix) 
 
The creation of a semi-empirical model for calculating Kd,PAR, made it possible to 
estimate z1% (the depth, where 1% of the subsurface irradiance reaches the water; 
II, Eq. 5) and Emix (Phlips et al., 1995; II, Eq. 6) in Lake Ülemiste. The euphotic 
depth calculated for the period 1978-2004 had a polynomial shape with an upward 
trend from the 1990s i.e. the thickness of euphotic depth increased (II, Fig. 4). 
Analysis of monthly data showed that a rise in the thickness of euphotic depth had 
taken place mainly due to an improvement in the underwater light climate in spring 
(April and May) and autumn (October and November) months. Improved Secchi 
transparency in May 2005-2007 supported this extension in the depth of the 
euphotic layer to 2 m (V). The latter was calculated by using the equation in II, Eq. 
5. In addition, agreement between the model created for calculating Kd,PAR and the 
macrophyte study (I) confirmed the usefulness and reliability of the model: the 
average thickness of euphotic depth was estimated by the model at 1.6 m in May 
2000–2004, which accounted for approximately 6.8% of the illuminated bottom 
area of the lake. At the same time, field work on macrophytes recorded the 
coverage to be between 5.4-6% (I).  

In May-August there was no relationship between the estimated Emix and total 
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phytoplankton biomass, showing that factors other than light availability were 
controlling the phytoplankton (II). According to Geddes (1984) and Phlips et al. 
(1995), Emix values should range between 0.9-4.0 mol m-2 d-1 and 2-3.5 mol m-2 d-1 
respectively, while light availability could be regarded as a major factor controlling 
the phytoplankton standing crop. Talling (1971) and Grobbelaar (1985) concluded 
that phytoplankton could not be light-limited as long as the ratio of z1% /Emix did 
not fall below 0.2. In our study, the mean ratio in summer and spring fluctuated in 
the range 0.3 to 0.5, which supports the conclusion that total phytoplankton 
biomass was not light limited. 
 
 
4.3. Influence of city water consumption on the water regime and 
quality of the lake 
 
In the period 1990-2006, the four-fold decrease in Tallinn’s water consumption 
(III, Fig. 2) determined both the output and input of the lake’s water balance as 
well as its HRT. Water abstraction for treatment, an output component, decreased 
and, brought about a decrease in regulated inflow, an input component (III, Fig. 3 
and 4). As a result, evaporation and groundwater outflow became increasingly 
important proportional components of output, and runoff from natural catchment 
an increasingly important proportional input component of the water balance. HRT 
increased from 0.4 to 1.4 y during the period 1990-2006 (III, Fig.2). The decline in 
the city’s demand for water has been attributed to many reasons, the main one 
being the rise in the cost of water (III). 

The change in water regime was most probably one of the main factors causing 
significant downward trends in levels of CODMn and water colour in the lake. 
Regulated inflow correlated strongly both to colour and CODMn (see also Mann-
Kendall test results, III) showing that catchment-derived water is, in general, more 
colored than the lake water. This corresponded with our findings in the underwater 
light climate study (II) and also with the conclusions of earlier authors (Simm et 
al., 1980; Faulkner et al., 2003). In addition, internal proccesses due to prolonged 
HRT could contribute to the breaking down of organic matter as well as increased 
summer recharge of the lake when nutrients and organic matter concentrations of 
catchwater are usually lower (III). Aside from proxies of organic matter (colour 
and CODMn), chloride concentrations in the lake also decreased significantly, 
which is congruent with the general understanding of this anion’s behavior in 
response to human activity (e.g. Kalff, 2002). Since 1991, a decrease in the use of 
fertilizers and livestock production, as well as modernization of industrial 
production and the construction or improvement of wastewater treatment plants in 
Estonia, have been extensive (Iital et al., 2005). 
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4.4. Biomanipulation planning and Lake Ülemiste response 
 
4.4.1. Prospects for success of biomanipulation: prerequisites and 
feasibility 
 
Several prerequisites have been defined for successful biomanipulation. The most 
important preconditions are a reduced external loading and the presence of both 
macrophytes and piscivorous fish (e.g. Mehner et al., 2002). 

Comparing TP loads at the end of 1970s to those in 2001-2003, the load to the 
lake decreased about twofold (IV) because of decline in hydrological loading (III) 
as well as due to collapse of Soviet type agriculture in Estonia since the beginning 
of 1990s (e.g. Nõges et al., 2007). Prior to biomanipulation the external TP load 
was under the threshold suggested for successful biomanipulation (0.6 g P m-2 y-1, 
Benndorf, 1990). The absence of fishing in the lake since the beginning of the 
1990s was considered favourable to predators, and test fishing showed a substantial 
biomass of pikeperch and pike (IV). Macrophyte coverage was small (ca 5-6 %) 
before biomanipulation, but the macrophyte survey (I) along with the results of the 
underwater light research (II) gave us reason to feel confident that macrophytes 
might be able to recolonize the littoral area. 

Apart from the above-mentioned three main preconditions, we brought on 
several other factors which were considered favourable for the success of fish 
removal in the lake: 1) low in-lake TP concentration; 2) the lake’s morphometry 
and altered hydrological regime: shallowness, with distinct deeper areas and 
prolonged water residence time (Meijer et al., 1999 and III); the presence of deeper 
areas should favour the aggregation of cyprinids seeking a darker refuge to avoid 
predatory fish in the autumn (Sammalkorpi, 2000), making biomanipulation 
technically feasible; 3) the existence of a single manager responsible for the lake; 
4) the absence of fishing pressure on piscivores; 5) the fact that cyprinid removal 
does not interfere with the everyday operations of WTP; 6) the close correlation of 
the phytoplankton biomass and particularly Chl a to the lake’s TP concentration, 
giving a basis to believe that a high stock removal of bream would decrease the 
availability of sediment phosphorus. 

As is emphasized above, biomanipulation was originally based on the removal 
of planktivorous fish to allow large herbivorous cladocerans to increase in 
abundance and thus reduce the amount of algae (Shapiro et al., 1975). It was 
hypothesized that positive responses to cyprinid removal were based primarily on 
reductions in nutrient cycling and availability through the removal of large bream 
stock rather than on increased zooplankton grazing control (IV). The other authors 
experience supported this assumption (e.g. Horppila et al., 1998; Sarvala et al., 
2000b; Kasprzak et al., 2007). Test fishing showed the prevalence of mature bream 
in the fish biomass, and water quality analysis revealed a lack of large Daphnia 
species in the zooplankton community (IV). 
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4.4.2. Expectations and challenges for the implementation of 
biomanipulation 
 
Although the external loading had steadily decreased in recent years, there was no 
constant downward trend in water turbidity (II), and cyanobacteria continued to 
dominate the lake’s phytoplankton community (Trei, 2002). The water treatment 
technology of the plant is adjusted to the water quality in the lake, therefore, better 
raw water quality, especially in the summer months, was expected to enable the 
production of more cost-efficient drinking water production. 

In this study, target levels for water quality were set according to WTP’s long-
term water quality database and published historical data. Expectations rested 
primarily on the reaction to biomanipulation of in-lake TP, of water transparency, 
both of zoo- and phytoplankton, and of macrophyte coverage (Table 2). 
 
Table 2. Target levels for selected water quality parameters in May-October after 
fish removal. 
 

Parameter Target 
TP (µg l-1) < 50 
Chl a (µg l-1) < 25 
Phytoplankton biomass (mg l-1) 5 
Zooplankton size  larger 
Secchi transparency  (m) 2 
Macrophyte coverage (%) 20-25 

 
Internal TP loading and the emergence of a new phytoplankton species community 
were highlighted as major risks to the success of the biomanipulation project (IV). 
In addition, other risks identified included the possibility of excess external loading 
and of a proliferation of YOY fish. We concluded that the high recruitment ability 
of perch would not be a problem because perch is piscivorous in adulthood and 
will reduce the proliferation of YOY cyprinids, ensuring longevity for the effects 
of biomanipulation (IV). 

Our preliminary study showed that the lake’s fish community was characterized 
by a large stock of benthivorous bream, which was composed of specimens that 
had achieved refuge from pikeperch and most of the pike in the lake, leaving fish 
removal as the only means of reducing big bream density. We found that 
biomanipulation as a method of restoration was reasonable and feasible, and could 
be a successful means of improving the water quality in the lake.  
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4.4.3. Changes in nutrients, plankton and transparency 
 
The external TP loading suggested as acceptable for successful biomanipulation 
(0.6 g P m2 y-1, Benndorf, 1990) was not exceeded in 2004-2007 and was at its 
lowest in 2006-2007 (V, Table 1). During May-October 2005-2007, the mean in-
lake TP and TN levels decreased significantly compared to those in the pre-
manipulation period (2000-2004), except in the case of the 2005 TP result 
(V, Table 2). The decline in in-lake TP coincided with the decline in external 
loading and with fish removal, which suggests that these two factors might have 
caused the in-lake TP decline. A similar combined effect, from drought-induced 
reduction on external loading and fish removal, had earlier been reported at the 
mesotrophic Lake Pyhäjärvi in Finland (Ventelä et al., 2007). The phytoplankton 
biomass and Chl a decreased in 2005-2007 compared to the pre-manipulation 
period, reaching close to target levels, which was consistent with our earlier 
expectations (IV). A clear shift from the dominance of filamentous cyanobacteria 
to co-domination by micro- and pico-size colonial cyanobacteria in summer with 
more diverse community in spring was evident (V, Fig. 1 and Fig 2a; IV, Fig. 2a). 
The lengthy period of Limnothrix redekei (van Goor) Meffert dominance, was 
broken. The Secchi disc transparency increased only in May 2005-2007 when 
diatoms, chloro-, crypto- and chrysophytes were prevalent in the phytoplankton 
community. We believe that the emergence of picoplankton could have been 
triggered by the flushing effect caused by heavy rainfall in July 2004 while their 
greater presence among the phytoplankton continued due to the decreasing TP 
concentration. This is also consistent with the view that smaller cells with a faster 
growing rate tend to dominate in more rapidly flushed systems (Kalff, 2002) and 
are better competitors in low-resourced environments (e.g. Raven, 1998; Vörös et 
al., 1998; Schallenberg & Burns, 2001). The decreasing TP concentration 
combined with improving light conditions in spring were suggested as a reason for 
the loss of dominance of slow-growing Limnothrix redekei (V) which is regarded 
as a successful competitor in nutrient-rich and low-light conditions (e.g. Nicklisch 
& Kohl, 1989). 

Contrary to our expectations, the total zooplankton biomass and abundance, as 
well as the cladocerans biomass decreased significantly during biomanipulation 
and in the subsequent year. Neither was there an increase in the size of cladocerans 
or in their filtering rate (V). We found the main reason for this lack of positive 
zooplankton response to be the high recruitment ability of perch in the lake. Mills 
et al. (1987) from Lake Oneida had also reported earlier on a high density of 
percids supressing daphnids. We did not rule out, however, continual predation 
pressure from planktivorous fish and the possible shortage of edible algae. 
Leptodora kindtii (Focke) could temporarily limit the biomass of Cladocera in 
early summer, while during the second half of summer YOY perch is big enough to 
feed on Leptodora (V).  

 
The timing of biomanipulation implementation coincided with a decline in 
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external inputs and heavy rainfall, making it difficult to discern the effects of 
biomanipulation. As in the case of Lake Ülemiste, several authors have implied 
that a concurrance of artifical interventions and/or natural events has resulted in 
difficulties in untangling and identifying the impact of individual factors (e.g. 
Søndergaard et al., 2007). Nevertherless, the findings of this study supported the 
main working hypothesis, that the effects of biomanipulation relied primarily on 
reductions in nutrient cycling and availability rather than on increased zooplankton 
grazing control (V, univariate and multivariate regression). The decrease in 
phytoplankton and especially in Chl a was primarily influenced by TP availability 
since top-down control was in-significant or transient. 
 
 
4.5. Issues and recommendations for future management of the lake 
 
Substantial changes have taken place in Lake Ülemiste since the beginning of the 
1990s, mainly triggered by the decrease in the city’s water consumption: a decrease 
in hydraulic loading resulting in longer HRT and increased in-lake processes (III); 
increased mean depth with a decline in the fluctuation of intra-annual lake-level 
amplitudes (I); an improved underwater light climate (II); a reduction in levels of 
organic matter measured as CODMn (III); a decline in TP loading (IV, V); a decline 
in Cl- ions concentration in the lake (III).  

In addition, biomanipulation was implemented after detection of the 
aforementioned trends i.e. about 13 years later. During the years affected by fish 
removal (2005-2007) (V), in-lake TP and TN as well as phytoplankton biomass 
and Chl a decreased. The predomination of filamentous cyanobacteria was replaced 
by co-domination in summer by micro- and pico-sized colonial cyanobacteria. 
Secchi disc transparency improved in May. However, a decline in unit catches of 
fish was observed, densities of planktivorous young-of-the-year percids remained 
high, and the role of zooplankton grazing in improving water quality was found to 
be either insignificant or transient (V).  

Based on the results of our study, the lake manager’s toolkit in the immediate 
future should include: nutrient management, both external and internal loading, 
fisheries management and water level management. 

Although the acceptable level of external TP loading suggested for successful 
biomanipulation (0.6 g P m2 y-1, Benndorf, 1990) was not exceeded in 2001-2007, 
we still regard external loading as an issue (IV, V). TP loading often exceeds 
Vollenweider’s (1976) lower critical limit calculated for Lake Ülemiste (0.1-0.2 g 
TP m-2 y-1). Therefore, feasible measures to continue reducing external loading 
should be regarded as sustainable and economically viable options. The decrease in 
city water consumption provided the opportunity to recharge the lake with better 
quality raw water (III), which probably contributed to the decline in external TP 
loading. Moreover, as a result of the fourfold drop in Tallinn’s water consumption, 
the catchment system established in the past has partly lost its role (III). The focus 
should now be on the catchment area close to the lake. Our study of water balance 
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(III) showed that as a proportion, runoff from the lake’s natural catchment 
increased.  

Future lake management developments should be closely related to any 
expansion of the suburbanization process around Tallinn and, as such, to any 
exploitation of land in the lake’s drainage basin. All feasible measures should be 
taken to prevent or minimize loading from sewage systems, agricultural activity 
and from the airport. A better understanding of how land use affects the lake 
catchment area is needed and should include evaluation of diffuse and point 
sources. 

In addition to external loading, we also considered internal loading as a 
potential threat to Lake Ülemiste’s recovery and found it necessary to study lake 
sediments in more detail (IV, V). Although in-lake TP has decreased gradually in 
recent years (V), the sediments are rich in TP (IV) as the lake had received high 
nutrient inputs over many years due to high loading in the past (Simm et al., 1980). 
Proper measurements of sediment phosphorus is essential, and no sediment 
removal should be undertaken before this has been done. 

Nutrient management measures combined with fisheries management (see next 
paragraph) should help maintain or probably improve water transparency in a long 
run by lowering algal turbidity, which has been fueled by phosphorus 
concentrations in the lake (IV, V). In decreasing phosphorus conditions it seems 
that the contribution of colonial cyanobacteria to the total cyanobacteria biomass, 
increases in summer (V). This may lead to a technical problem for the WTP 
because colonial cyanobacteria clog up the microstrainers that are used as a first 
stage in WTP’s technology. An issue for debate, therefore, should be the 
replacement of the WTP’s microstrainers with a more efficient method.  

From a fisheries management perspective, a major issue is to determine whether 
the fish stock removed in 2004-2006 was adequate or not. A total biomass of 156 
tonnes corresponding to 160 kg ha-1 of fish, predominantly cyprinids, were 
removed (V). Judged by the changes in TP, the removal in 2005 was sufficient, 
while the decline itself in fish catches also suggests that the biomass of cyprinids 
was sufficiently reduced. However, lowering the density of YOY percids, mainly 
perch, remains another challenge to be tackled (V). Continual fishery management 
is needed on Lake Ülemiste involving working out rules for harvest restrictions and 
maintenance fishing so as to maintain the population of both the pelagic and littoral 
predator species but at the same time control cyprinid stock. 

Applying the knowledge obtained from its biomanipulation to address the 
management of the lake reveales that there is a need to make a more detailed study 
of the composition of both zooplankton and phytoplankton species, including 
picoplankton, and the role of zooplankton predators, so as to understand better the 
functioning of Lake Ülemiste’s food web.  

Water level control is often regarded as part of a lake or reservoir’s 
management plan (Coops & Hosper, 2002). Lake level control of Lake Ülemiste 
has a long history (I, III). Lake level fluctuations were considered a major cause of 
degradation in macrophytes in the lake during the 20th century (I). Several studies 
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(e.g. Meijer et al., 1994; Jeppesen et al., 1998) have confirmed the critical role of 
macrophytes in structuring food-web dynamics and the balance of abiotic–biotic 
interactions in the lake. We concluded that Lake Ülemiste should have the potential 
for more extensive macrophyte cover (I and IV). During biomanipulation, 
macrophyte coverage increased by up to 8-10 % of the lake area by 2005, close to 
that of 1965 and 1975 (I), although it did not show any further expansion in 2006 
(Pedusaar, unpublished data). Therefore, water-level control could be the tool by 
which one might try to favor recolonization of the macrophyte community. 
Lowering  the water level in May should improve underwater light conditions 
during the main propagation time of macrophytes and would diminish spawning 
grounds for bream and roach to prevent juvenile expansion. Otherwise, there can 
be negative effects also like a lower water level may mean greater sediment 
resuspension (e.g. Nõges & Laugaste, 1998) and may raise phytoplankton 
production.  

In summary, there is no single, uniform cause for the poor water quality in Lake 
Ülemiste, and therefore no single management solution can be deemed a once-and-
for-all solution for the lake.  
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CONCLUSIONS 
 
Macrophyte coverage decreased during the 20th century, and Phragmites australis 
has become the primary dominant in Lake Ülemiste since 1965. Water level 
fluctuations in Lake Ülemiste were considered a major cause of degradation in 
macrophytes in the lake during the 20th century. 

The creation of a model for calculating diffuse attenuation coefficient, made it 
possible to use long-term monitoring data (water colour and phytoplankton 
biomass) as indirect indicators of optical properties of water, to estimate euphotic 
depth and average light availability in the mixed layer of Lake Ülemiste for the 
period 1978-2004. The thickness of the euphotic depth has increased since the 
beginning of the 1990s. Underwater light conditions did not limit total 
phytoplankton biomass in Lake Ülemiste in spring and summer. 

In the period 1990-2006, the decrease in the city’s water consumption triggered 
changes in input components of the lake's water balance: the role of regulated 
inflow decreased and that of lake's catchment run-off increased. Hydraulic 
retention time increased four-fold. Concentrations of organic matter (CODMn and 
water colour) and Cl- ions reduced in the lake.  

In the planning phase of biomanipulation (2000-2003), test fishing showed a 
prevalence of mature bream in the fish biomass, and water quality analysis revealed 
a lack of large Daphnia species in the zooplankton community, both of which 
correspond to the need for biomanipulation. Several prerequisites, including 
decreased external TP loading, the presence of piscivorous fish and macrophytes, 
prohibition of fishing and a single lake manager, were considered favourable for 
efficient fish removal. Internal TP loading and the emergence of a new 
phytoplankton species community were highlighted as major risks to the success of 
the biomanipulation project in Lake Ülemiste. 

During vegetation periods in 2005-2007, the period affected by fish removal, 
in-lake TP, TN, as well as phytoplankton biomass and Chl a decreased 
significantly. Secchi transparency increased only in May 2005-2007. There was a 
shift from the dominance of filamentous cyanobacteria to co-domination by micro- 
and pico-size colonial cyanobacteria in summer with a more diverse community in 
spring. However, the cladoceran biomass decreased and the small-sized Daphnia 
cucullata remained almost the only daphnid in Lake Ülemiste. The main reason for 
the lack of positive zooplankton response was felt to be the high recruitment ability 
of perch. The decrease in phytoplankton biomass and especially in Chl a was 
attributed to decreased in-lake TP availability and the decline of the latter was 
attributed both to fish removal (phosphorus release from sediments decreased) and 
decreased external loading.  

Nutrient management, both external and internal loading, fisheries management 
and water level management should be included in the lake manager’s toolkit. 
 



33 

REFERENCES 
 
Arst, H, A. Erm, K. Kallaste, S. Mäekivi, A. Reinart, P. Nõges & T. Nõges, 1999. 
Investigation of Estonian and Finnish lakes by optical measurements in 1992–
1997. Proceedings of the Estonian Academy of Sciences, Biology and Ecology 48: 
5–24 
Balushkina, E. V. & G. G. Winberg, 1979. Relation between body mass and length 
in planktonic animals. In Winberg, G. G. (ed.), Common Research Methods of 
Water Ecosystems. Nauka, Leningrad: 169-172. (in Russian). 
Benndorf, J., 1988. Objectives and unsolved problems in biomanipulation. 
Limnologica 19: 5-8. 
Benndorf, J., 1990. Conditions for effective biomanipulation: conclusions derived 
from whole-lake experiments in Europe. Hydrobiologia 200(201): 187-203. 
Benndorf, J., W. Böing, J. Koop & I. Neubauer, 2002. Top-down control of 
phytoplankton: the role of time scale, lake depth and trophic state. Freshwater 
Biology 47: 2282-2295. 
Blomqvist, P. & E. Herlitz, 1998. Methods for Quantitative Assessment of 
Phytoplankton in Freshwaters. Part 2. Naturvårdsverket, Upplaga. 
Brooks, J.L., & S. I. Dodson, 1965. Predation, body size, and composition of 
plankton. Science 150: 28-35. 
Carpenter, S. R., J. F. Kitchell & J. R. Hodgson, 1985. Cascading trophic 
interactions and lake productivity. Bioscience 35: 634-639. 
Cooke, G. D., E. B. Welch, S. A. Peterson & P. R. Newroth, 1993. Restoration and 
Management of Lakes and Reservoirs. Lewis Publishers, Boca Raton. 
Coops, H. & S. H. Hosper, 2002. Water level Management as a Tool for the 
Restoration of Shallow Lakes in the Netherlands. Lakes & Reservoir Management 
18: 293-298. 
Coops, H., M. Beklioglu & T. L. Crisman, 2003. The role of water-level 
fluctuations in shallow lake ecosystems. Workshop conclusions. Hydrobiologia 
506(509): 23-27. 
Dekker, A. G., Ž. Zamurović-Nenad, H. I. Hoogenboom, S. W. H. Peters, 1996. 
Remote sensing, ecological water qaulity modelling and in situ measurements: a 
case study in shallow lakes. Hydrological Sciences Journal 41: 531-547. 
Directive, 2000. Directive 2000/60/EC of the European Parliament and of the 
council of 23 October 2000 established a framework for community action in the 
field of water policy. Official Journal of the European Communities L 327: 1-72.  
Drenner, R. W. & K. D. Hambright, 1999. Biomanipulation of fish assemblages as 
a lake restoration technique. Archiv für Hydrobiologie 146: 129-65. 
Erm, A., H. Arst, T. Trei & M. Hussainov, 2001. Optical and biological properties 
of Lake Ülemiste, a water reservoir of the city of Tallinn. Part I. Water 
transparency and optically active substances in the water. Lakes and Reservoirs: 
Research and Management 6: 63–84. 
Faulkner B. L., G., Cleverly & S. Seemendi, 2003. A water resources and water 
quality management plan for the City of Tallinn, Estonia. Water and 
Environmental Management 16: 207–13. 



34 

Freshwater in Europe – Facts, Figures and Maps. 2003. UNEP Report.  
Geddes, M. C., 1984. The role of turbidity in the limnology of Lake Alexandrina, 
River Murray, South Australia; comparisons between clear and turbid phases. 
Australian Journal of Marine and Freshwater Research 39: 201–209. 
Grobbelaar, J. U., 1985. Phytoplankton productivity in turbid waters. Journal of 
Plankton Research 7: 653–663. 
Gulati, R., E. H. Lammens & E. van Donk, 1990. Biomanipulation – tool for water 
quality management. Hydrobiologia 200(201): 1-628. 
Haberman, J. & A. Mäemets, 1979. Zooplankton of Lake Ülemiste. In Lokk, S. 
(ed.), Hydrobiological Researches VIII. Academy of Sciences of the Estonian S. S. 
R., Tallinn: 48-65 (in Russian, summary in English) 
Hambright, K. D., 1994. Morphological constraints in the piscivore-planktivore 
interaction: implications for the trophic cascade hypothesis. Limnology & 
Oceanography 39: 897-912. 
Hansson, L.-A., H. Annadotter, E. Bergman, S. F. Hamrin, E. Jeppesen, T. 
Kairesalo, E. Luokkanen, P-Å. Nilsson, M. Søndergaard & J. Strand, 1998. 
Biomanipulation as an application of food-chain theory: Constraints, synthesis, and 
recommendations for temperate lakes. Ecosystems 1: 558-574. 
Horppila, J., H. Peltonen, T. Malinen, E. Luokkonen & T. Kairesalo, 1998. Top-
down or bottom-up effects by fish: Issues of concern in biomanipulation of lakes. 
Restoration Ecology 6: 20-28. 
Hrbaček, J., M. Dvořakova, V. Kořinek & L. Prochazkova, 1961. Demonstration of 
the effest of fish on the species composition of zooplankton and the intensity of 
metabolism of the whole plankton association. Verhandlungen der Internationalen 
Vereinigung für Theoretische und Angewandte Limnologie 14: 192-195. 
Ibelings, B. W., R. Portielje, E. H. R. R. Lammens, R. Noordhuis, M. S. van den 
Berg, W. Joosse & M. L. Meijer. 2007. Resilience of Alternative Stable States 
during the Recovery of Shallow Lakes from Eutrophication: Lake Veluwe as a 
Case Study. Ecosystems 10: 4-16. 
Iital, A., P. Stålnacke, J. Deelstra, E. Loigu & M. Pihlak, 2005. Effects of large-
scale changes in emissions on nutrient concentrations in Estonian rivers in the Lake 
Peipsi drainage basin. Journal of Hydrology 304: 261-273. 
Jeffrey, S. W. & G. F. Humphrey, 1975. New spectrophotometric equations for 
determining chlorophylls a, b, c1 and c2 in higher plants, algae and natural 
phytoplankton. Biochemie und Physiologie der Pflanzen 167: 191-194. 
Jeppesen, E., J. P. Jensen, M. Søndergaard & T. L. Lauridsen, 2005a. Response of 
fish and plankton to nutrient loading reduction in eight shallow Danish lakes with 
special emphasis on seasonal dynamics. Freshwater Biology 50: 1616–1627. 
Jeppesen, E., M. Søndergaard, J. P. Jensen,, K. E. Havens, O. Anneville, L. 
Carvalho, M. F. Coveney, R. Deneke, M. T. Dokulil, B. Foy, D. Gerdeaux, S. E. 
Hampton, S. Hilt, K. Kangur, J. Köhler, E. H. H. R. Lammens, T. L. Lauridsen, M. 
Manca, M. R. Miracle, B. Moss, P. Nõges, G. Persson, G. Phillips, R. Portielje, C. 
L. Schelske, D. Straile, I. Tatrai, E. Willén & M. Winder, 2005b. Lake responses to 
reduced nutrient loading: an analysis of contemporary long-term data from 35 case 



35 

studies. Freshwater Biology 50: 1747–1771. 
Jeppesen, E., M. Meerhoff, B. A. Jacobsen, R. S. Hansen, M. Søndergaard, J. P. 
Jensen, T. L. Lauridsen, N. Mazzeo & C. W. C. Branco, 2007. Restoration of 
shallow lakes by nutrient control and biomanipulation - the successful strategy 
varies with lake size and climate. Hydrobiologia 581: 269-285. 
Jeppesen, E. & I. Sammalkorpi, 2002. Lakes. In Perrow, M. R. & A. J. Davy (eds.), 
Handbook of Ecological Restoration. Restoration in Practice, Vol. 2. Cambridge 
University Press, Cambridge: 297–324. 
Jeppesen, E., M. Søndergaard, M. Søndergaard & K. Christoffersen, 1998. The 
Structuring Role of Submerged Macrophytes in Lakes. Springer-Verlag, New 
York. 
Jørgensen, S. E., H. Löffler, W. Rast & M. Straškraba, 2005. Lake and reservoir 
management.Vol. 54 (Developments in water science). Elsevier Publishers, 
Amsterdam. 
Kalff, J., 2002. Limnology: Inland Water Ecosystems. Prentice Hall, Upper Saddle 
River, New Jersey. 
Kangur, M., 1998. Ülemiste järve kalastiku struktuur ja võimalused selle 
reguleerimiseks. Käsikiri. Eesti Mereinstituut, Tallinn.  
Kasprzak, P., J. Benndorf, T. Gonsiorczyk, R. Koschel, L. Krienitz, T. Mehner, S. 
Hülsmann, H. Schultz & A. Wagner, 2007. Reduction of nutrient loading and 
biomanipulation as tools in water quality management: Long-term observations on 
Bautzen Reservoir and Feldberger Haussee (Germany). Lake and Reservoir 
Management 23: 410-427. 
Kasprzak, P., J. Benndorf, T. Mehner & R. Koschel, 2002. Biomanipulation of lake 
ecosystems – introduction. Freshwater Biology 47: 2277-2465. 
Kessel, H., Saarse, H., Vishnevskaya, E. & R. Sinisalu, 1986. Geological 
development of Lake Ülemiste (Tallinn, Estonian SSR). Proceedings of the 
Academy of Sciences of the Estonian SSR. Geology 35: 35-41. (in Russian, 
summary in Estonian and English). 
Kirk, J. T. O., 1994. Light and photosynthesis in aquatic ecosystem. Cambridge 
University Press, Cambridge. 
Knoechel, R. & L. B. Holtby, 1986. Cladoceran filtering rate: body length 
relationships for bacterial and large algal particles. Limnology & Oceanography 
31: 195-200. 
Komárek, J. & K. Anagnostidis, 1999. Cyanoprocaryota.1.Teil: Chroococcales. 
Süßwasserflora von Mitteleuropa. Band 19/1. Gustav Fischer, Jena. 
Lammens, E.H.R.R., R. D. Gulati, M. L. Meijer & E. Van Donk, 1990. The first 
biomanipulation conference: a synthesis. Hydrobiologia 200(201): 619-627. 
Leht, M. (ed.), 1999. Eesti taimede määraja. EPMÜ ZBI & Eesti Loodusfoto, 
Tartu. 
Libiseller, C. & A. Grimvall, 2002. Performance of partial Mann Kendall tests for 
trend detection in the presence of covariates. Environmetrics 13: 71–84. 
Loigu, E. & P. Marksoo, 1982. Phosphorus and nitrogen balance of the Lake 
Ülemiste. In Haberman, H., K. Paaver & H. Simm (eds.), Current State of Lakes of 



36 

Estonia S.S.R.. The Institute of Zoology and Botany of the Academy of Sciences of 
the Estonian SSR, Tartu: 32–39 (in Estonian, summary in English and Russian). 
Mehner, T., R. Arlinghaus, S. Berg, H. Dörner, L. Jacobsen, P. Kasprzak, R. 
Koschel, T. Schulze, C. Skov, C. Wolter & K. Wysujack, 2004. How to link 
biomanipulation and sustainable fisheries management: A step-by-step guideline 
for lakes of the European temperate zone. Fisheries Management and Ecology 11: 
261–75. 
Mehner, T., J. Benndorf, P. Kasprzak & R. Kochel, 2002. Biomanipulation of lake 
ecosystems: successful applications and expanding complexity in the underlying 
science. Freshwater Biology 47: 2453-2465. 
Meijer, M.-L., I. de Boois, M. Scheffer, R. Portielje & H. Hosper, 1999. 
Biomanipulation in shallow lakes in the Netherlands: An evaluation of 18 case 
studies.Hydrobiologia 408(409): 13–30.  
Meijer, M. L., M. W. De Haan, A. W. Breukelaar & H. Buiteveld, 1990. Is 
reduction of the benthivorous fish an important cause of high transparency 
following biomanipulation in shallow lakes? Hydrobiologia 200 (201): 303-316. 
Meijer M.-L., E. Jeppesen, E. Van Donk, B. Moss, M. Scheffer, E. Lammens, E. 
van Nes, J. A. van Berkum, G. J. de Jong, B. A. Faafeng & J. P. Jensen, 1994. 
Long-term responses to fish-stock reduction in small shallow lakes: interpretation 
of five-year results of four biomanipulation cases in the Netherlands and Denmark. 
Hydrobiologia, 275 (276): 457–66. 
Melzer, A., 1999. Aquatic macrophytes as tools for lake management. 
Hydrobiologia 395(396): 181-190. 
Mills, E. L., J. L. Forney & K. J. Wagner, 1987. Fish predation and its cascading 
effect on the Oneida Lake food chain. In Kerfoot, W. C. & A. Sih (eds), Predation: 
Direct and Indirect Impacts on Aquatic Ecosystems. University Press of New 
England, Hanover, New Hampshire: 118–131. 
Mooij, W.M., S. Hulsmann, L. N. D. Domis, B. A. Nolet,., P. L. E . Bodelier, 
P.C.M Boers, L.M.D. Pires, H. J. Gons, B. W. Ibelings, R. Noordhuis, R. Portielje, 
K. Wolfstein  & E. H. R. R Lammens, 2005. The impact of climate change on lakes 
in the Netherlands: a review. Aquatic Ecology 39: 381–400. 
Moss, B., J. Madgwick & G. Phillips, 1997. A guide to the restoration of nutrient-
enriched shallow lakes. WW Hawes, UK. 
Moss, B., 1998. Shallow lakes: biomanipulation and eutrophication. SCOPE 
Newsletter 29, CEEP, Bruxelles. 
Mäemets, A., 1968. Eesti järved. Valgus, Tallinn. 
Mäemets, A. A., 1979. The macrophytes of Lake Ülemiste. In Lokk, S. (ed.), 
Hydrobiology of lakes Ülemiste and Peipus-Pskov. Hydrobiological Researches 
VIII,.: 22-31. (in Russian, summary in English). 
Mäemets, A., 1984. 6. sugukond penikeelelised Potamogetonaceae Dumort. In 
Pärn, A. & M. Rohtmets (eds), Eesti NSV floora, Vol. 9. Valgus, Tallinn: 46-139. 
Mäemets, H., 2005. Relationships of the macrophyte vegetation of Estonian lakes 
with environmental conditions and changes in the course of anthropogenic 
eutrophication. PhD thesis. Estonian Agricultural University. Tartu. 



37 

Nicklisch, A. & J.-G. Kohl, 1989. The influence of light on the primary production 
of two planktic blue-green algae. Archiv für Hydrobiologie Beiheft, Ergebnisse der 
Limnologie 33: 451–455. 
Nõges, P. & R. Laugaste, 1998. Seasonal and Long-term Changes in 
Phytoplankton of Lake Võrtsjärv. Limnologica 28: 21-28. 
Nõges, P., Ü. Leisk, E. Loigu, A. Reihan, B. Skakalski & T. Nõges, 2003. Nutrient 
budget of Lake Peipsi in 1998. Proceedings of the Estonian Academy of Sciences, 
Biology and Ecology 52: 407-422. 
Nõges, T., A. Järvet, A. Kisand, R. Laugaste, E. Loigu, B. Skakalski & P. Nõges, 
2007. Reaction of large and shallow lakes Peipsi and Võrtsjärv to the changes of 
nutrient loading. Hydrobiologia 584: 253-264. 
Phlips, E. J, F. J. Aldridge, C. L. Schelske, T. L. Crisman, 1995. Relationships 
between light availability, chlorophyll a, and tripton in a large shallow subtropical 
lake. Limnology & Oceanography 40: 416–421. 
Pork, M., 1968. Ülemiste järv. Taimestik. In Mäemets, A. (ed.), Eesti järved. 
Valgus, Tallinn. 
Pork, M., N. Schönberg & E. Mirme, 1980. The phytoplankton variation in Lake 
Ülemiste from 1956 to 1976. In Mäemets, A. (ed.), Surface Water Use and 
Protection of Estonia S.S.R..Valgus, Tallinn: 138–46. (in Estonian, summary in 
English and Russian). 
Raven, J. A., 1998. The twelfth Tansley Lecture. Small is beautiful: the 
picoplankton. Functional Ecology 12: 503–513. 
Reinart, A., H. Arst, A. Erm, T. Trei & M. Hussainov, 2001. Optical and biological 
properties of Lake Ülemiste, a water reservoir of the city of Tallinn. Part II. Light 
climate in Lake Ülemiste. Lakes and Reservoirs: Research and Management. 6: 63-
84. 
Reinart A., A. Herlevi, H. Arst & L. Sipelgas, 2003. Preliminary optical 
classification of lakes and coastal waters in Estonia and South-Finland. Journal of 
Sea Research 49: 357–366 
Reinart, A., B. Paavel & L. Tuvikene, 2004. Effect of coloured dissolved organic 
matter on the attenuation of photosynthetically active radiation in Lake Peipsi. 
Proceedings of the Estonian Academy of Sciences, Biology and Ecology 53: 88–
105. 
Reinart, R. & K. Valdmets, 2007. Variability of optical water types in Lake Peipsi. 
Proceedings of the Estonian Academy of Sciences, Biology and Ecology 56: 33-
46. 
Reinvaldt, E., 1941. Märkmeid kalade paigutamistest Eesti NSV ala veekogudesse. 
Loodusuurijate Seltsi Aruanded 47: 41-47. 
Reynolds, C. S., 1984. The ecology of freshwater phytoplankton. Cambridge 
University Press, Cambridge. 
Ruttner-Kolisko, A., 1977. Suggestion for biomass calculation of planktonic 
rotifers. Archiv für Hydrobiologie 8: 71−76. 
Sammalkorpi, I., 2000. The role of fish behaviour in biomanipulation of a 
hypertrophic lake. Verhandlungen des Internationalen Verein Limnologie 27: 



38 

1464–72. 
Sarvala, J., A.-M. Ventelä, H. Helminen, A. Hirvonen, V. Saarikari, S. Salonen, A. 
Sydänoja & K. Vuorio, 2000a. Restoration of the eutrophicated Köyliönjärvi (SW 
Finland) through fish removal: whole-lake vs. mesocosm experiences. Boreal 
Environment Research 5: 39-52. 
Sarvala, J., H. Helminen & J. Karjalainen, 2000b. Restoration of Finnish lakes 
using fish removal: changes in the chlorophyll-phosphorus relationship indicate 
multiple controlling mechanisms. Verhandlungen des Internationalen Verein 
Limnologie 27: 1473-1479. 
Schallenberg, M. & C. W. Burns, 2001. Tests of autotrophic picoplankton as early 
indicators of nutrient enrichment in an ultraoligotrophic lake. Freshwater Biology 
46: 27–37. 
Scharf, W. 2008. The use of nutrient reduction and food-web management to 
improve water quality in the deep stratifying Wupper Reservoir, Germany. 
Hydrobiologia: DOI 10.1007/s10750-007-9250-7 
Scheffer, M., 1998. Ecology of Shallow Lakes. Chapman & Hall, London. 
Scheffer, M., R. Portielje & L. Zambrano, 2003. Fish facilitate wave rsuspension of 
sediment. Limnology & Oceanography 48: 1920-1926. 
Schindler, D. W. 2006. Recent advances in the understanding and management of 
eutrophication Limnology & Oceanography 51: 356-363. 
Schneider, G., 1908. Der Obersee bei Reval. Archiv für Biontologie, 2: 38-55. 
Schriver, P., J. Bøgestrand, E. Jeppesen & M. Søndergaard, 1995. Impact of 
submerged macrophytes on fish–zooplankton–phytoplankton interactions: Large-
scale enclosure experiments in a shallow lake. Freshwater Biology 33: 255–70. 
Shapiro, J., V. Lamarra & M. Lynch, 1975. Biomanipulation – an ecosystem 
approach to lake restoration. In Brezonik, P.L. and J. L. Fox (eds.), Water quality 
management through biological control. University of Florida, Gainesville: 85-96. 
Simm, H., S. Lokk & M. Parts, 1980. The quality of water in Lake Ülemiste. In 
Mäemets, A. (ed.), Surface Water Use and Protection of Estonia S.S.R.Valgus, 
Tallinn: 125–134. (in Estonian, summary in English and Russian). 
Søndergaard, M.,J. P. Jensen & E. Jeppesen, 2003. Role of sediment and internal 
loading of phosphorus in shallow lakes. Hydrobiologia 506(509): 135–145. 
Søndergaard, M., E., Jeppesen, T. L. Lauridsen, C. Skov, E. H. van Nes, R. 
Roijackers, E. Lammens & R. Portielje, 2007. Lake restoration: success, failures 
and long term effects.  Journal of Applied Ecology 44: 1095–1105. 
Studenikina, E. I. & M. M. Cherepakhina, 1969. Mean weight of main zooplankton 
forms of the Azov Sea. Gidrobiolicheskii Zhurnal 5: 89−91. (in Russian). 
Zimin & Co, 1908. Reval Water Treatment Plant, its current state and possibilities 
to improve. Report to the City of Reval. (in Russian). 
Talling, J. F., 1971. The underwater light climate as a controlling factor in the 
production ecology of freshwater phytoplankton. Mitteilungen Internationale 
Vereinigung für Theoretische und Angewandte Limnologie 19: 214–243 
Tammaru, T., 2002. Universal and Specific Features of Urbanization in Estonia 
under Socialism: The Empirical Evidence of the Sources of Urban and Rural 



39 

Population Growth. The Professional Geographer 54: 544-556. 
Tepaks, L., 1946. Ülemiste järvest toidetavad põhjaveed. Käsikiri. 
Timm, T., V. Timm & K. Kangur, 1979. Zoobenthos o Lake Ülemiste. In Lokk, S. 
(ed.), Hydrobiological Researches VIII. Academy of Sciences of the Estonian 
S.S.R., Tallinn: 66-77. (in Russian, summary in English). 
Trei, T., 2002. L.Ülemiste – the drinking water reservoir – water regime and 
quality dependence on water consumption of the city. In 4th International 
Conference on Reservoir Limnology and Water Quality. Czech Republic, České 
Budějovice, 12–16 August 2002. Extended Abstracts: 354–356. 
Utermöhl, H., 1958. Zur Vervollkommnung der quantitativen Phytoplankton 
methodik. Mitteilungen der Internationalen Vereinigung für Theoretische und 
Angewandte Limnologie 9: 1-38. 
Vanni M. J. & C. D., Layne, 1997. Nutrient recycling and herbivory as 
mechanisms in the ‘top-down’ effect of fish on algae in lakes. Ecology 78: 21–40. 
Ventelä, A.-M., M. Tarvainen, H. Helminen & J. Sarvala, 2007. Long-term 
management of Pyhäjärvi (southwest Finland): eutrophication, restoration–
recovery? Lake and Reservoir Management 23: 428–438. 
Vinogradova, K. L., M. M. Gollerbach, L. M. Zauer & N. V. Sdobnikova, 1980. 
Guide to Freshwater Algae of the USSR, 13. Nauka, Leningrad (in Russian). 
Vinnari, E. M. & J. J. Hukka, 2007. Great expectatons – tiny benefits – Decision-
making in the privatization of Tallinn water. Utilities Policy 15: 78-85. 
Vollenwender, R. A., 1968. Scientific fundamentals of the eutrophication of lakes 
and flowing waters, with particular reference to nitrogen and phosphorus as factors 
in eutrophication. Technical Report. OECD. 
Vollenweider, R. A., 1976. Advances in defining critical loading levels for 
phosphorus in lake eutrophication. Memorie dell’Istituto Italiano di Idrobiologia 
33: 53–83. 
Vörös, L., C. Callieri, K. V. Balogh & R. Bertoni, 1998. Freshwater 
picocyanobacteria along a trophic gradient and light quality range. Hydrobiologia 
369(370): 117–125. 
Wellner, A. 1922. Sisevete uurimise andmed. Eesti hüdrograafia ülevaade. 
Hydrographie D´ Eesti. Kaubandus-Tööstusministeeriumi väljaanne. Tallinna Eesti 
Kirjastus-Ühisuse trükikoda, Tallinn. 



40 

ABSTRACT 
 
Extensive use of surface water has been an important reason to restore eutrophic 
waterbodies. Better raw water quality for water suppliers would offer many 
advantages, including greater processing efficiency and reliability, capital and 
operational cost savings, and a lower dependency on chemicals for water treatment.  

Tallinn, the capital city of Estonia, uses Lake Ülemiste as a raw water supply 
for the treatment of drinking water for the city dwellers. Lake Ülemiste has a 
diverse and long history of exploitation, dating back to the 14th century. Yet despite 
this, the lake has received little attention from aquatic scientists in the past. 
Therefore the goal of the study was to produce more information in order confirm 
the need for and to assess the results of the research and management of Lake 
Ülemiste.  

Comparison of study results for the year 2000 with previous ones (1904; 1965 
and 1975) revealed that the total coverage of macrophytes and the maximum width 
of the macrophyte zone in Lake Ülemiste have decreased in the course of 100 
years. Phragmites australis has become the primary dominant in the lake since 
1965. Water level fluctuations in Lake Ülemiste were considered a major cause of 
degradation in macrophytes in the lake during the 20th century. 

Long-term data on water colour, turbidity and phytoplankton biomass were 
used, and specific underwater light measurements in 1997-1999 were carried out, 
providing a basis from which to estimate the diffuse attenuation coefficient 
(Kd, PAR) in Lake Ülemiste for the period 1978-2004. The creation of a model for 
calculating Kd, PAR in a meaningful way made it possible to estimate euphotic depth 
and average light availability in the mixed layer of the lake. Study results showed 
clearly that the underwater light climate in Lake Ülemiste is largely dependent on 
catchwater colour. The thickness of the euphotic depth has increased in the lake 
since the beginning of the 1990s. Average light availability in the mixed layer of 
the lake did not limit total phytoplankton biomass in spring and summer. 

Over the period 1990-2006, the four-fold decrease in Tallinn's water 
consumption triggered changes in the water balance of Lake Ülemiste. Water 
abstraction for treatment, an output component, decreased and brought about a 
decrease in regulated inflow, an input component. As a result, evaporation and 
groundwater outflow became increasingly important proportional components of 
output, and runoff from natural catchment an increasingly important proportional 
input component of the water balance. Hydraulic retention time increased from 0.4 
to 1.4 y. Changes in water regime brought about a reduction in concentrations of 
organic matter (potassium permanganate consumption and water colour) and Cl- 
ions in the lake.  

The possibility of using biomanipulation to improve the water quality in Lake 
Ülemiste was analysed on the basis of 2000-2003 water quality data, test fishing by 
different methods in 2002-2003 and earlier studies on macrophytes and underwater 
light climate. Test fishing showed a prevalence of mature bream in the fish biomass, 
and water quality analysis revealed a lack of large Daphnia species in the 
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zooplankton community, both factors corresponding to the need for biomanipulation. 
Several prerequisites, including decreased external TP loading, the presence of 
piscivorous fish and macrophytes, prohibition of fishing and a single lake manager, 
were considered favourable for efficient fish removal. Internal TP loading and the 
emergence of a new phytoplankton species community were highlighted as major 
risks to the success of biomanipulation.  

During vegetation periods in 2005-2007, the period affected by fish removal, 
in-lake TP, TN, as well as phytoplankton biomass and Chl a decreased 
significantly. Secchi transparency increased in May of these years. There was a 
shift from the dominance of filamentous cyanobacteria to co-domination by micro- 
and pico-size colonial cyanobacteria in summer with a more diverse phytoplankton 
community in spring. However, the densities of planktivorous young-of-the-year 
percids remained high and the role of zooplankton grazing in improving water 
quality was found to be transient or insignificant. The decline in in-lake TP was 
attributed both to fish removal and the decline in external loading, and in turn 
influenced levels both of phytoplankton biomass and Chl a. 

Nutrient management, both external and internal loading, fisheries management 
and water level management should be included in Lake Ülemiste manager’s 
toolkit 
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SUMMARY IN ESTONIAN 
 
Ülemiste järve kui joogiveehoidla haldamine 
 
Veekogude eutrofeerumise kõige silmnähtavam tagajärg on vee läbipaistvuse 
vähenemine fütoplanktoni, sageli sinivetikate vohamise tõttu. Eutrofeerunud 
veekogule viitab aga ka suurtaimede vähenemine, planktontoiduliste ja/või 
põhjatoiduliste kalade domineerimine, suurte kladotseeride vähesus zooplanktoni 
koosluses jm. Ehkki eutrofeerumise põhjuste ja kontrolliga on tegeletud alates 
60ndatest aastatest alates, on see siiani väljakutse limnoloogidele. Aina 
intensiivsema pinnavee kasutamise tõttu on eutrofeerunud veekogude haldamine ja 
tervendamine muutunud üha olulisemaks. Parem toorvee kvaliteet annab mitmeid 
eeliseid vee tootjatele, muuhulgas suurema tootlikkuse ja usaldusväärsuse 
veetöötlemisel, kokkuhoidu soetusmaksumuses ja igapäevastes käituskuludes ning 
väiksemat sõltuvust veetöötlemisel vajaminevatest kemikaalidest. 

Ülemiste järv on Tallinna linna varustanud veega alates 14. sajandist. Hoolimata 
oma pikast ja olulisest rollist varustada linnaelanikke joogiveega, on suhteliselt 
vähe uuritud ja veelgi vähem publitseeritud uuringuid järve haldamise ja 
veekvaliteedi kohta  

Käesolevas töös on uuritud ja analüüsitud Ülemiste järve suurtaimestikku, selle 
muutusi ning võimalikke keskkonnafaktoreid, mis võisid mõjutada makrofüütide 
arengut järves 20. sajandi jooksul. Võrreldes 2000. a. taimestikku varasemate 
uurimistulemustega (1908, 1968 ja 1979), selgus, et sajandi vältel ei ole suur-
taimestiku liigiline koosseis muutunud, küll aga on muutunud suhted dominee-
rivate liikide vahel. Praegu valitseb järves pilliroog, sellele järgneb järvkaisel. 
Sajandi algul domineerinud rooghein on taandunud neljandaks. Taimedega kaetud 
järve pindala ja taimevöö laius on järves vähenenud, mille olulisimaks põhjuseks 
leiti veetaseme suured kõikumised 20. sajandil. 

Toetudes veealustele optilistele mõõtmistele Ülemistes perioodil 1997-1999 
koos optiliselt aktiivsete ainete analüüsimisega, leiti mudel difuusse nõrgenemis-
koefitsiendi (Kd,PAR) arvutamiseks. Veendudes, et vee värvus kirjeldab usaldus-
väärselt valguse neeldumist ja fütoplankton hajumist ning et seosed ja suhted on 
samad ka perioodidele 1978-1996 ja 2000-2004, arvutati Kd,PAR perioodile 1978-
2004, kasutades vee värvuse ja fütoplanktoni biomassi pikaajalisi andmeridu. 
Kd,PAR arvutamine võimaldas omakorda arvutada eufootilise kihi paksuse ja 
veesamba keskmise valgustatuse. Selgus, et alates 1990. a. algusest on eufootilise 
kihi paksus kasvanud Ülemistes. Samuti leiti, et valgus ei limiteeri fütoplanktoni 
kasvu suvekuudel. 

Perioodil 1990-2006 vähenes Tallinna linna veetarbimine neli korda, mis tõi 
kaasa muutused järve veebilansi nii tulu kui ka kulu poolel. Veevõtt järvest (kulu 
komponent) tõi kaasa reguleeritud sissevoolu (Pirita-Ülemiste kanali kaudu 
Vaskjala hüdrosõlmest) vähenemise (tulu komponent), mille tulemusena kasvas 
aurumise ja eksfiltratsiooni osakaal kulu poolel ja suurenes äravoolu osakaal järve 
omavalgalalt bilansi tulu poolel. Veeviibeaeg suurenes ligi neli korda. Muutused 
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veerežiimis tõid kaasa muutused veekvaliteedis: orgaanilise aine kontsentratsioon 
(permanganaatne hapnikutarve ja vee värvus) ja Cl-1 ioonide kontsentratsioon 
kahanesid järves. 

Biomanipulatsioon, mille õnnestumise väljavaadet hinnati, kasutades eespool 
mainitud järve suurtaimestiku ja veealuse valgusvälja uurimise tulemusi koos füto- 
ja zooplanktoni (2000-2003), toitainete (2000-2003) ning kalavaru uuringute 
(2002-2003) tulemustega. Täiskasvanud latika domineerimine erinevates püügi-
vahendites ja suuremate Daphnia liikide puudumine zooplanktoni koosluses viitas 
biomanipulatsiooni kui veekogu tervendamise meetodi vajadusele Ülemistes. 
Mitmed eeltingimused biomanipulatsiooni edukaks elluviimiseks olid olemas, 
muuhulgas vähenenud väline üldfosfori koormus ning röövkalade varu olemasolu. 
Samuti hinnati suurtaimestiku potentsiaali oma areaali laiendada positiivseks. 
Järvesisest koormust koos võimaliku uue fütoplanktoni liigilise koosseisu ilmu-
misega vaadeldi peamiste riskiteguritena biomanipulatsiooni õnnestumisele. 

Biomanipulatsiooni tulemusena eemaldati järvest 156 tonni lepiskala, millest 
latikas moodustas ca 55% ja särg 26%. Üldfosfor ja üldlämmastik, samuti Chl a 
ning fütoplanktoni biomass vähenesid oluliselt biomanipulatsioonist mõjutatud 
aastate (2005-2007) vegetatsiooni perioodidel. Fütoplanktoni kooslusesse ilmusid 
niitjate sinivetikate kõrvale kolooniaid moodustavad nii mikro- kui ka pikoplank-
ton ning kevadine fütoplanktoni kooslus muutus liigirikkamaks. Vee läbipaistvus 
(Secchi) paranes maikuudel. Vastupidiselt ootustele järve kladotseeride biomass ei 
suurenenud ja Daphnia cucullata jäi jätkuvalt ainsaks oma perekonda esindavaks 
zooplankteriks Ülemistes. Esmajoones ahvena suur reproduktsiooni võime leiti 
olevat põhjuseks suuremate kladotseeride puudumisele järves. Järvesisene üldfos-
fori vähenemine omistati nii biomanipulatsioonist tingitud mõjule (fosfori vabane-
mine setetest vähenes tänu põhjatoidulise latika biomassi vähendamisele) kui ka 
välise koormuse vähenemisele. 

Ülemiste järve haldamine tulevikus peaks sisaldama nii välise kui ka sisemise 
koormuse vähendamiseks teostatavate meetmete rakendamist ja/või jätkumist kui 
ka toiduahelaga manipuleerimist lepiskala väljapüüdmise teel. Kaalumist vääriks 
ka veetaseme alandamine kevadel soodustamaks suurtaimestiku arengut järves, mis 
toetaks omakorda suurte taimtoiduliste zooplankterite arengut, pakkudes neile 
varju kalade kisksurve eest. 
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