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Abstract Wastewaters discharged to Lake Vesi-
järvi ruined its recreational value and demanded 
mitigation measures. In the mid-1970s, the diversion 
of wastewaters elsewhere reduced epilimnetic total 
phosphorus concentration by ~ 40% from > 100 mg P 
 m−3 in 5 years, but this was not enough to eliminate 
cyanobacterial blooms. In 1979–1984, hypolimnetic 
oxygenation was applied to decrease internal nutri-
ent loading, but pumping warm surface water to the 
hypolimnion probably intensified gas ebullition from 
the sediment, carrying nutrients to the epilimnion and 
intensifying cyanobacterial blooms. Intensive  fish 
removal in 1989–1994 was more successful. Five 
years of summer trawling removed over three-quar-
ters of roach and smelt stock, and after the two most 

intensive fishing years, TP and chlorophyll concentra-
tions abruptly decreased by ~ 35%. During subsequent 
years fish removal continued at ~ 30% intensity and 
maintained chlorophyll and total nutrient concentra-
tions at a lower level until the end of the study. At the 
same time, the frequency of cyanobacterial blooms 
decreased from annual to twice per decade. Larger-
scale oxygenation after 2010 no longer resulted in 
ebullition, and its effect on phytoplankton was indis-
tinguishable from natural variability. Consequently, it 
was abandoned. The intensity of fish removal needed 
to maintain the present status of the lake is still await-
ing evaluation.

Keywords Biomanipulation · Cyanobacteria · 
Oxygenation · Phytoplankton · Remediation · 
Restoration

Introduction

Eutrophication of lakes is a global problem that 
culminates in high phytoplankton biomass, often 
cyanobacteria. Intense cyanobacterial blooms typi-
cally dominate in a particular stage of eutrophica-
tion (Jeppesen et al., 2005), lowering the recreational 
value of the lake and causing aesthetic disadvantages 
as well as potential health risks (e.g., Svirčev et  al., 
2019).

Because eutrophication is typical in lakes near 
dense human populations, it has received wide 
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attention, and counteractive measures have been 
developed. However, the consequences of eutrophica-
tion have proven to be slow to overcome. The most 
challenging problem is the leaching of legacy nutri-
ents from the sediment, which may take decades to 
balance (Søndergaard et al., 2007) after the reduction 
of external loading. It is seldom possible to eliminate 
the internal loading of legacy nutrients from the sedi-
ment by clay coverage, dredging, hypolimnetic water 
removal, etc. Therefore, in  situations in which the 
external loading of nutrients cannot be sufficiently 
reduced, other means have been developed to mitigate 
the problems caused by high phytoplankton biomass 
and cyanobacterial blooms. Unfortunately, it is not a 
straightforward one-step measure but requires ongo-
ing or periodic investments and monitoring.

Every lake has a specific combination of features 
and therefore approaches to restoration need to be 
site-specific rather than universal. Furthermore, sto-
chastic weather dynamics produce a broad spectrum 
of hydrological conditions and highly variable hydro-
dynamics. Because so many, often stochastic, factors 
affect the complicated trophic interactions within 
pelagic and benthic food webs, the biocoenoses of 
successive years are hardly ever similar, irrespec-
tive of seemingly identical circumstances. Therefore, 
in remediation studies, the response time of lakes 
to remediation measures is variable (Chorus et  al., 
2020); short-term changes may not reflect the real 
rate of change in water quality.

Recovery of a lake from eutrophication is a holistic 
ecosystem process, whose management requires data 
for numerous parameters. Further, long time series 
and experimental approaches are needed to under-
stand the mechanisms behind successes or failures. 
However, costs for studies over many years can be 
substantial, requiring long-term commitment. Con-
sequently, long time series are rare. Food web inter-
actions modified by weather-related drivers make 
studying tiny and rapidly growing organisms, such 
as phytoplankton, particularly challenging. Because 
phytoplankton strongly affects a lake’s recreational 
and economic value, it is directly or indirectly often 
the main target of remediation measures and a nec-
essary parameter for monitoring the state of the lake 
(Carvalho et al., 2012).

Lake Vesijärvi received wastewaters from the City 
of Lahti for decades, which led to severe eutrophica-
tion where high phytoplankton biomass and harmful 

cyanobacterial blooms destroyed its fisheries and 
recreational value. These problems forced admin-
istrators to start a series of measures (Keto & Sam-
malkorpi, 1988) to reduce external nutrient load-
ing and to improve water quality by other means. 
Many approaches were applied successively and in 
parallel, but the main ones were oxygenation and 
biomanipulation.

A variety of oxygenation methods aim to limit 
the decrease in redox potential to a level at which P 
release from the anoxic sediment no longer occurs 
(Bormans et al., 2016), and the flux of nutrients from 
the anoxic hypolimnion does not increase phyto-
plankton growth. However, redox-sensitive release of 
nutrients may not be the only key source of nutrients 
from the sediment, even when hypolimnion is anoxic, 
e.g. dissolution of calcium-bound P or decomposi-
tion of organic P may be more important (Gächter & 
Wehrli, 1998; Hupfer & Lewandowski, 2008; Salmi 
et al., 2014; Orihel et al., 2017). In particular, biologi-
cal activities like the respiration of micro-organisms 
(Prairie et  al., 2001) and perturbation of sediment 
by invertebrates (Chakraborty et  al., 2022) are of 
significance.

The most common biomanipulation approaches 
aim to enhance zooplankton grazing on phytoplank-
ton (Carpenter et  al., 1985). Although manipula-
tion of fish communities can be used to control 
phytoplankton, Brett & Goldman (1996) suggested 
that even aggressive biomanipulation of zooplank-
tivorous fish may sometimes only minimally reduce 
phytoplankton biomass. Particularly in small lakes, 
increasing the biomass of aquatic plants can be an 
efficient biomanipulation leading to an alternative 
state (Scheffer et  al., 1993), where nutrient uptake 
by aquatic plants and periphyton limit phytoplankton 
biomass (Petr, 2000; Dokulil et  al., 2018). In addi-
tion, fish removal targeting benthivorous fish can 
reduce sediment disturbance and the flux of nutrients 
from the sediment available for phytoplankton (e.g., 
Horppila et al., 1998).

The history of eutrophication and the effects of 
the main remediation measures on the physical and 
chemical conditions of Lake Vesijärvi have been 
earlier reported in detail by Horppila et  al. (1998), 
Keto & Tallberg (2000), Keto et  al. (2005), Salmi 
et al. (2014) and Salonen et al. (2020). In this study, 
we used more than 40 years of data to analyze how 
oxygenation and biomanipulation of Lake Vesijärvi 
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affected phytoplankton species composition and 
biomass. We hypothesized that the new data from 
27  years after the earlier evaluation of phytoplank-
ton development in Lake Vesijärvi (Keto et al., 2005) 
provide a broader vision to interpret the results and 
enable the development of a more effective strategy 
for the future monitoring and control of cyanobacteria 
of the lake.

Materials and methods

Study site

Lake Vesijärvi is located between the Salpausselkä 
ridges created by the last glaciation. Its southern 
basin, Enonselkä, is bordered by the City of Lahti, 
with about 120, 000 inhabitants. The 33  m deep 
Enonselkä basin (mean depth 6.1  m, area 32  km2) 
has a relatively long residence time, roughly 9 years. 
The present estimate is higher than before, mainly 
because the uptake of drinking water by the City of 
Lahti has diminished natural groundwater discharge 
into the lake. The wastewaters from the City of Lahti 
were discharged into the Enonselkä basin until the 
mid-1970s when they were diverted elsewhere, and 
the external load of ~ 2  g   m−2  P  year−1  was cut by 
order of magnitude (Keto & Sammalkorpi, 1988). 
In the 1980s, the diversion of industrial wastewa-
ters further reduced the nutrient load by 17% (Horp-
pila et  al., 1998). The decrease in nutrient load also 
affected the Kajaanselkä basin (depth 42  m, mean 
depth 6.8 m, area 44  km2, residence time 2.4 years), 
which receives ~ 20% of the inflow from the Enon-
selkä basin. A more detailed description of the lake is 
given by Salonen et al. (2020).

Remediation methods

To increase deep-water oxygen concentration, a pump 
station was installed for winter operation in the deep-
est part of the Enonselkä basin in 1979. In 1983, the 
number of pumps was increased to three, and they 
were also operated in the summer until 1985. Water 
was pumped from 1  m depth to the hypolimnion 
8–10  m above the sediment surface to avoid resus-
pension (Lappalainen, 1994). The same approach 
was applied extensively from 2010 to 2018 with eight 
2.5 kW pump stations and one 1.5 kW station above 

the Enonselkä basin’s deeps (more details in Salmi 
et  al., 2014; Ruuhijärvi et  al., 2020; Salonen et  al., 
2020).

Intensive removal of planktivorous and benthi-
vorous fish (mainly roach and smelt) from the Enon-
selkä basin was performed by trawling over the area 
deeper than 10 m (in 1989) or 5–6 m (in 1990–1993) 
in May–August (Kairesalo et al., 1999; Keto & Tall-
berg, 2000). However, from 1994 until today, trawling 
was replaced by fyke net fishing in spring–summer 
and seine (when possible, also in winter) fishing in 
autumn. In recent years, fish traps were also used in 
winter.

Environmental conditions

To limit the effects of variable timing of vernal and 
autumnal overturn causing high random variation in 
nutrient concentrations and phytoplankton biomass, 
the main emphasis in lake data was put on the results 
of June–August. Total nitrogen (TN) and total phos-
phorus (TP) concentrations of 1 m depth, as well as 
Secchi depth at the deepest points of the Enonselkä 
and Kajaanselkä basins, were used as background 
data for the development of phytoplankton because 
the results of inorganic nutrients  (NH4–N,  NO3–N, 
and  PO4–P) at low concentrations suffered from ana-
lytical challenges, high variation, and incomplete 
time series. Besides, as nutrient uptake is saturated 
above specific concentrations, it then has no effect on 
phytoplankton biomass.

The Finnish Meteorological Institute measured 
temperature and precipitation at the Lahti Laune 
(since 2019 Sopenkorpi) weather station. It also 
measured the atmospheric deposition of inorganic N 
at the Evo integrated monitoring site within a pristine 
forest area (~ 40  km distance from Lake Vesijärvi). 
We used statistics of fertilizers sold to farmers in Fin-
land to estimate the development of the nutrient load 
to the lake from agriculture.

Phytoplankton

Water samples were taken in summer from the epilim-
nion of the deepest parts of the basins with a Ruttner 
or Limnos tube sampler, usually once a month. Phy-
toplankton was preserved with acid Lugol’s solution 
and stored in darkness before counting. Settled (Uter-
möhl, 1958) phytoplankton was counted using an 



950 Hydrobiologia (2023) 850:947–966

1 3
Vol:. (1234567890)

inverted microscope and phase-contrast or brightfield 
illumination with two or three magnifications (total 
magnifications 100×–1000×). Typically, at least 500 
counting units (cells, colonies, or filaments) were 
counted in each sample. Wet biomasses were calcu-
lated using the list of the biovolumes for different spe-
cies and their size classes, assuming that the density 
of phytoplankton is the same as that of water. Keto 
& Tallberg (2000) published more detailed taxon-spe-
cific data from 1982 to 1994.

Statistical analyses

The graphics, correlation, and regression analyses 
were made with Microsoft Excel 2016. Mann–Whit-
ney U-tests and p-values for Pearson correlations 
were calculated using Quick Statistics Calculators 
(https:// www. socsc istat istics. com). A segmented lin-
ear regression model (SegReg free calculator for seg-
mented piecewise regression breakpoint, waterlog.
info/segreg.htm) was used to identify the breakpoints 
of chlorophyll concentration and phytoplankton bio-
mass with varying TP concentration.

Results

Air temperature and precipitation

The mean air temperature in June–August (Fig.  1) 
increased by 0.023 ℃  year−1 during the study period 
(R2 = 0.15, P = 0.003), which increased the average 
length of the ice-free period in the Enonselkä basin 
by 1.05 d  year−1 (1979–2020, R2 = 0.44, P < 0.001). 
While there was no significant trend (R2 = 0.06 in 
the annual precipitation between 1988 and 1997, the 
summer precipitation (from June to August) consist-
ently decreased (R2 = 0.57, P = 0.01), for that period, 
and the interannual variation related to the trend was 
exceptionally low.

Hypolimnetic oxygen concentration

The late summer hypolimnetic oxygen concentration 
in the Enonselkä basin was highly variable (Fig.  2). 
After the diversion of the wastewaters of the City of 
Lahti, the concentration at the depth of 29 m varied 
between anoxic and hypoxic without any marked 
improvement until the large-scale oxygenation started 
in 2010. The most consistent period of low oxygen 
occurred in 1996–2010.

Fig. 1  Average air temperature and precipitation in June–
August in 1965–2020 (thin lines). Bold lines – 5-year moving 
average; Dashed lines—Linear regression of the results. Green 
shading – Oxygenation; Brown shading – The period of the 
most intensive fish removal

Fig. 2  Hypolimnetic oxygen concentration at the end of sum-
mer stratification at 29  m depth in the Enonselkä basin and 
39 m depth in the Kajaanselkä basin. The bar explanations are 
as in Fig. 1

https://www.socscistatistics.com
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Fish removal and introductions

The largest amount of fish was removed from the 
Enonselkä basin in 1991–1992 (Fig.  3), but in the 
following years until the end of the study, annual 
fish removal decreased on average to about 30% of 
that. Fish removal was complemented by annual 
introductions of, on average, 76,000 fingerlings 
 year−1 (mean length 70 mm, CV 11%) of predatory 
pikeperch, Stizostedion lucioperca (L.). The highest 
introductions were during the intensive fish removal 
(average 146,000 ind.  year−1 for 1989–1993). 
Unfortunately, after 2008 the statistics were no 
longer compiled by public authorities; therefore, the 
subsequent results may be underestimated. Initially, 
the introductions were to the Enonselkä basin, but 
later to all basins. However, due to fish mobility, 
probably all basins were affected.

Nutrient load

The use of fertilizers in agriculture steadily 
increased (~ 40% for N and ~ 20% for P) in Finland 
between the mid-1970s and 1990 (Fig. 3), but later 
new recommendations led to rapid decreases in 
the amounts of fertilizers used. Between 1990 and 

1997, the use of P and N fertilizers decreased on 
average by 8.8%  year−1 and 3.3%  year−1, respec-
tively. Later the average decrease rates slowed to 
2.4%  year−1 and 0.7%  year−1, respectively. The 
reduction in atmospheric N deposition was simi-
larly high (6.5%  year−1 and 2.1%  year−1). Possible 
changes in nutrient loadings from natural or urban 
runoff could not be precisely estimated.

Epilimnetic nutrient concentration

After the diversion of the sewage waters, the epilim-
netic concentrations of TN and TP in the Enonselkä 
basin (Fig.  4a, b) decreased from > 100  mg   m−3 
to ~ 50  mg   m−3 TP and ~ 1500  mg   m−3 
to ~ 600 mg   m−3 TN by the end of the 1970s before 
the end of the first oxygenation period (light green 
bar in Fig.  4). These new levels persisted until 
1993, when the concentrations suddenly declined 
by 30–40% at the end of the efficient fishing period. 
The further decrease was slow and statistically sig-
nificant only for TN (Table  1). Although oxygena-
tion improved hypolimnetic oxygen concentration 
(Fig. 2) its effect was not detected in the epilimnetic 
nutrient concentrations (green bars in Fig. 4a, b). In 
the Kajaanselkä basin, high nutrient concentrations 
before the wastewater diversion from the Enonselkä 
basin were less distinct. Later, the developments of 
TP and TN concentrations closely corresponded to 
those of the Enonselkä basin, at a lower level (on 
average 59% and 78% of the respective concentration 
in the Enonselkä basin). Again, the decrease was sta-
tistically significant only for TN.

The mean (molar) TN:TP ratio in the epilim-
nion of the Enonselkä basin increased (R2 = 0.2113, 
P < 0.001) fairly steadily in June–August during the 
study period (Fig. 5). In the Kajaanselkä basin, varia-
tion of TN:TP ratio was high in the early phase of the 
study and the trend was not significant (R2 = 0.022, 
P = 0.31). However, after the 1980s the development 
closely followed that of the Enonselkä basin at about 
20 units higher level. The similar decreases in both 
basins after 2005 (Fig. 4) suggest common reason(s).

Secchi depth, chlorophyll, and phytoplankton 
biomass

Soon after the wastewater diversion, the Secchi 
depth of the Enonselkä basin increased from about 

Fig. 3  Annual amount of phosphorus and nitrogen fertiliz-
ers sold to farmers (per field area) in Finland, atmospheric N 
deposition, number of introduced pikeperch, and removal of 
planktivorous and benthivorous fish in the Enonselkä basin. 
The bar explanations are as in Fig. 1
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1  m to almost 2  m, but before the mid-1980s, it 
decreased to ~ 1.5  m (Fig.  4c). During the intensive 
fish removal, it started to increase again and reached 
a 2.9  m annual average in 1997, while later annual 
average varied around 2 m depth. However, sporadi-
cally high values also occurred, corresponding to 
those observed in 1994–1997. Furthermore, the Sec-
chi depth values after 1993 were significantly higher 
(Mann–Whitney U-test, P = 0.035) than before, and 
their coefficient of variation was also lower (0.17 
vs. earlier 0.23). During the large-scale oxygena-
tion in 2010–2018, Secchi depth decreased to about 

Fig. 4  a-e Mean concentration of TP, TN, and chlorophyll as 
well as phytoplankton biomass and Secchi depth; f standard-
ized [(value minus mean)/standard deviation] ratios between 

the results of the Enonselkä and Kajaanselkä basins Verti-
cal bars – Range of the results; The bar explanations are as in 
Fig. 1

Table 1  Mean annual decrease rate of epilimnetic TP and TN 
concentrations in the Enonselkä and Kajaanselkä basin with 
the slope of the temporal trend line, correlation coefficient (r), 
and its significance (P) in June–August 1993–2020

Enonselkä Kajaanselkä

TP TN TP TN

Decrease (% 
 year−1)

0.3 0.6 0.4 0.7

Slope  − 0.081  − 3.3  − 0.083  − 2.9
r 0.19 0.56 0.33 0.56
P NS 0.002 0.09  < 0.001
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2 m. In the Kajaanselkä basin, Secchi depth followed 
a similar course (r = 0.44, P = 0.002), but the differ-
ence between the basins decreased from an average of 
1 m in 1977–1992 to 0.7 m in 1993–2020. Because 
the changes were very similar, it is difficult to know 
how much Secchi depth of the Enonselkä basin was 
affected by intensive fish removal or oxygenation.

Chlorophyll concentration in the Enonselkä 
basin decreased rapidly after the wastewater diver-
sion (Fig. 4d), but in the mid-1980s, it returned to a 
high level of ~ 25  mg   m−3. Around 1987 a consist-
ent decrease started, and within ten years, the con-
centration decreased to a third. At the same time, 

the coefficient of variation (CV) of annual results 
decreased from ~ 50% to ~ 30% (Fig.  5a), indicating 
more stable conditions. Between 1993 and 2020, the 
concentration increased slightly (r = 0.399 P = 0.02) 
and intra-annual variation increased. During the 
large-scale oxygenation (2010–2018), chlorophyll 
concentration was not significantly different from 
that during the ten preceding years (Mann–Whitney 
U-test). In the 1980s, concentration in the Enon-
selkä basin was roughly four times higher than in the 
Kajaanselkä basin, but in the early 1990s, the differ-
ence had halved. The significant correlation between 
the results of the two basins (r = 0.49, P < 0.01) and 
the similarity between the time courses of the relative 
variation of both chlorophyll concentration and phy-
toplankton biomass (Fig. 5b) suggest that the inflow 
from Enonselkä to Kajaanselkä and concurrent exter-
nal drivers affected phytoplankton in the Kajaanselkä 
basin. The interannual variation of biomass (mean CV 
56% in Enonselkä and 54% in Kajaanselkä) was sig-
nificantly higher (Mann–Whitney U-test, P < 0.001) 
than that of chlorophyll concentration (mean CV 37% 
and 40%, respectively).

Chlorophyll:TP and phytoplankton biomass:TP 
ratios (Fig.  5c) reflect the proportion of P allocated 
in phytoplankton biomass, thus potentially indicat-
ing the food web structure. Their time courses related 
to the other factors, and the coherence between the 
basins corroborate that the observed trends are related 
to common factors. In the Enonselkä basin, both 
ratios decreased during the intensive fish removal 
(brown bar, Fig.  5) until the mid-1990s, but after 
2000, they increased again. Chlorophyll:TP ratio 
of the Kajaanselkä basin correlated significantly 
with that of the Enonselkä basin (r = 0.33, P = 0.03), 
but the respective correlation for phytoplankton 
biomass:TP, based on fewer samples, was insignifi-
cant (r = 0.21, P = 0.22).

Development of chlorophyll and phytoplankton 
biomass related to TP showed turning points (Fig. 6) 
whose timings match the most intensive fish removal 
years between 1989 and 1993. In the Kajaaselkä basin 
points were faintly evident. Chlorophyll concentra-
tion in the Enonselkä basin decreased quite linearly 
with TP concentration  (R2 = 0.80, P < 0.001) (Fig. 6), 
but due to cyanobacteria, the relationship with phyto-
plankton biomass was nonlinear. Without cyanobac-
teria, phytoplankton biomasses were not significantly 
different (mainly due to the results of 1985) before 

Fig. 5  a TN:TP ratio, b Coefficient of variation of intra-
annual phytoplankton biomass and chlorophyll concentra-
tion, and c standardized chlorophyll:TP and phytoplankton 
biomass:TP ratio of the Enonselkä and Kajaanselkä basins. All 
lines represent five-year moving averages. Thick lines – Bio-
mass; Dashed lines – Chlorophyll concentration; Thin dotted 
line – Linear regression. The bar explanations are as in Fig. 1
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and after 1993 (Mann–Whitney U-test, P = 0.15). In 
the Kajaanselkä basin, chlorophyll:TP followed the 
same trend as in the Enonselkä basin (Fig.  6a), but 
the relationship was not statistically significant. Com-
pared to the Enonselkä basin, after the intensive fish 
removal, the standardized chlorophyll:TP ratio in 
the Kajaanselkä basin indicated a consistently posi-
tive anomaly between 1995 and 2000 (Fig. 5c) which 
may reflect the effect of intensive fish removal in the 

Fig. 6  Relationship of chlorophyll concentration and phy-
toplankton biomass (with and without cyanobacteria) with 
total phosphorus concentration in a the Enonselkä (grey) and 
b Kajaanselkä (blue) basins in June –August. Panel b shows 
the Kajaanselkä basin data enlarged. The annual means are 

consecutively connected. Thick black lines between 1992 and 
1993 denote the turning points due to intensive fish removal; 
Yellow dots – The first results; Red dots – the results from 
2019; Dashed line– Linear regression of the results

Table 2  Breakpoints (TP concentration) in the development 
of chlorophyll (mg  m−3) and phytoplankton biomass (g  m−3) 
related to TP concentration as estimated by segmented linear 
regression analysis

Enonselkä Kajaanselkä

Breakpoint P Breakpoint P

Chlorophyll vs. TP 37 0.043 17 0.005
Biomass vs. TP 43 0.001 18 0.073
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Enonselkä basin. Because of the higher variation of 
the phytoplankton results, the same was not so clear 
in the phytoplankton biomass:TP ratio.

The segmented linear regression analysis indi-
cated significant breakpoints in chlorophyll concen-
tration and phytoplankton biomass which correspond 
to ~ 40  mg TP  m−3 (Table  2) in agreement with the 
stepwise decrease in nutrient concentrations between 
1992 and 1993 (Fig.  6). The respective breakpoints 
for the Kajaanselkä basin indicated the same tim-
ing, but it was directionally significant only for 
chlorophyll.

To minimize the effect of regional factors on the 
interpretation of the nutrient and phytoplankton 
results, we divided the values of the Enonselkä basin 
by corresponding values of the Kajaanselkä basin 
(the opposite for Secchi depth), and these ratios were 
standardized. In agreement with each other, the ratios 
for TP, TN, chlorophyll concentration, and phyto-
plankton biomass indicated improvement in water 
quality between 1989 and 1997 (Fig.  4). After that, 
some retrogression happened, but the water quality to 
reach a stationary phase. The only exception was TN 

which, due to denitrification intensified by large scale 
oxygenation in 2010-2018, remained at low level.

Composition of phytoplankton

In the Enonselkä basin, the large interannual vari-
ation of phytoplankton biomass was mainly due to 
cyanobacteria (coefficient of variation 136% vs. 
39–64% in the other groups). Their importance was 
emphasized by the fact that when excluded from 
the data, the statistical significance of the trend in 
phytoplankton biomass became weaker (r2 = 0.10, 
P = 0.06 with cyanobacteria; r2 = 0.04, P = 0.22 
without cyanobacteria) between 1984 and 2019. 
After wastewater diversion, cyanobacteria formed 
up to 80% of phytoplankton biomass between 1979 
and 1982 (Fig.  7) when the dominant taxon was 
Planktothrix agardhii (Gomont) Anagnostidis & 
Komárek (may also include the genus Phormid-
ium), which is conspecific (Humbert & LeBerre, 
2001) with Planktothrix rubescens (De Candolle 
ex Gomont) Anagnostidis & Komárek. In the mid-
1980s, Aphanizomenon (including a small num-
ber of Cuspidothrix) mostly replaced Planktothrix 

Fig. 7  a Relative abundances of the most important phyto-
plankton groups in the Enonselkä and Kajaanselkä basins in 
June–August. Dull colours mark long sampling intervals at the 

beginning of the study. b Biomasses of different phytoplank-
ton groups in the Enonselkä basin during the same period. The 
explanations for the colour bars are as in Fig. 1
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(Fig.  8). Although phytoplankton biomass roughly 
halved, cyanobacteria still accounted for ~ 60% of 
the total phytoplankton biomass. At the onset of the 
intensive fish removal in 1989–1990, bloom-form-
ing cyanobacteria practically disappeared for almost 
10 years, and their share in phytoplankton biomass 
decreased to ~ 10%.

After 2000, bloom-forming cyanobacteria occa-
sionally returned to develop high biomass (Figs.  7, 
8). Planktothrix formed the highest proportion of 
phytoplankton biomass in 2002, 2006, 2016, and 
2018 (Fig.  8). Microcystis spp. were mainly present 
between 1980 and 2000, but their biomass was never 
dominant. Dolichospermum (formerly Anabaena) and 
other cyanobacteria (particularly Woronichinia) were 
present in low numbers. However, in 2009 Dolichos-
permum formed almost as high biomass as the cyano-
bacteria in the late 1980s (Fig. 8).

The proportion of cyanobacteria in phytoplankton 
biomass was markedly lower in the Kajaanselkä basin 
(12%) than in the Enonselkä basin (34%) between 
1984 and 2019 (Fig. 7). Despite that, the successions 
of Planktothrix, Aphanizomenon, and Dolichosper-
mum were quite similar in both basins.

Diatoms were the second most important taxo-
nomic group in the phytoplankton biomass of the 
Enonselkä basin, and they did not show any detecta-
ble response to intensive fish removal or oxygenation 
(Figs. 7 and 9). Their biomass showed no significant 
trend after 1992 (r = 0.07). On the contrary, in the 
Kajaanselkä basin, diatoms were generally dominant 
without a statistically significant trend during the 
study period. In both basins, high diatom biomass 
years were occasional and composed of variable taxa, 
without any temporal trends in species composition 
or biomass corresponding to cyanobacteria. There 
was also negligible synchrony in the occurrences of 

Fig. 8  Mean biomasses of the dominating cyanobacterial gen-
era in the Enonselkä and Kajaanselkä basins in 1965–2019. 
Note the ten times higher scale of the Enonselkä basin. The 

vertical bar colours are as in Fig.  1; For improved compa-
rability, the respective bars are shown in grey colours for the 
Kajaanselkä basin where remediation measures were not made
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different diatom taxa between the basins. The only 
exception was Fragilaria crotonensis Kitton, which 
increased in both basins in the 1980s but decreased 
rather smoothly by order of magnitude towards the 
end of the study.

Among the other phytoplankton groups in the 
Enonselkä basin, the decreases in dinophytes and 
ochrophytes were statistically significant (r = − 0.59, 
P = 0.001, and r = −  0.50, P = 0.008, respectively) 
after 1992 (Fig. 7). In addition to that, the decreasing 
trends of chlorophytes and cryptophytes (r = − 0.37, 
P = 0.06 for both) were almost significant. In the 
Kajaanselkä basin, the decreasing trends were sig-
nificant for diatoms (r = − 0.52, P = 0.005) and ochro-
phytes (r = −  0.42, P = 0.03), while the decrease 
in cryptophytes (r = −  0.35, P = 0.07) was almost 
significant.

Discussion

The favorable development of the Enonselkä basin 
after the 1980s resulted from many concurrent fac-
tors. The dilution of past wastewaters was still 
approaching fulfillment (Salonen et  al., 2020), and 
there was a decreasing trend in precipitation (Fig. 1), 
which meant a reduction in the nutrient load from the 
catchment area. The decrease in the use of fertilizers 
in agriculture (22% of the catchment area) and atmos-
pheric deposition (Fig. 3) also supported the positive 
development of the lake. In reality, atmospheric N 
deposition was probably markedly higher than that 
shown in Fig. 3. The annual N deposition measured 
in 2009 at three locations on the shores of Lake Vesi-
järvi (Autio & Malin, 2010, unpublished report of the 
City of Lahti) was 1.95 times higher (CV 14%) than 
in the pristine forest site implying the local influence 
of the City of Lahti. The effects of the diversion of 
the wastewaters of the City of Lahti elsewhere from 
the Enonselkä basin were straightforwardly positive, 
but the effects of the additional remediation measures 
were complicated by the challenge of partly overlap-
ping measures, decreasing external loading (Fig.  1), 
and climate change occurring in parallel. Despite 
seemingly small temperature changes, climate warm-
ing can enhance eutrophication directly and indi-
rectly through various temporal and spatial processes 
(review of Meerhoff et al., 2022). Hecht et al. (2022) 
also propose that fluctuation in temperature has an 
impact on cyanobacterial bloom development. In 
the Enonselkä basin, the effects of climate warming 
could not be differentiated from the variation due to 
other factors.

Oxygenation

The implementation of oxygenation at the end of the 
1970s interrupted the favorable development in chlo-
rophyll concentration and cyanobacterial biomass. It 
was probably due to an increase of up to ~ 5 ℃ in tem-
perature created by pumping warm epilimnetic water 
into the hypolimnion. It enhanced the ebullition of 
carbon dioxide and methane from the sediment, dra-
matically increasing nutrient release from the sedi-
ment. In the early 1980s, the ebullition caused consid-
erable interference in hydroacoustic fish studies, but 
in the 2000s, no interference was found (Ruuhijärvi 
et al. 2020), probably due to decreased sedimentation 

Fig. 9  Biomass of the dominating diatom genera in the Enon-
selkä basin in June–August of 1965–2019. The bar colours are 
as in Fig. 1



958 Hydrobiologia (2023) 850:947–966

1 3
Vol:. (1234567890)

and mineralization of legacy organic matter in the 
sediment. After the early oxygenation was terminated 
in 1984, the nutrient concentrations in deep water 
remained high for a few years. This was probably due 
to a spiral-type response (Salonen et al., 2020), where 
the increased primary production raised the pH of the 
water to values of > 11 high enough to amplify the 
leaching of P from sediments in shallow water.

The second, large-scale phase of oxygenation of 
the Enonselkä basin from 2010 to 2018 increased 
hypolimnetic oxygen concentration to sufficiently 
high levels to decrease internal loading from sedi-
ments in deeper water (Salonen et al., 2020). In win-
ter, high oxygen concentrations could be maintained 
even with three pump stations, but at higher summer 
temperatures, up to nine pump stations in 2010–2018, 
operated between the establishment of summer strati-
fication and autumnal overturn, could only delay the 
development of deep-water anoxia. However, the 
pumps could maintain the redox potential at the sedi-
ment surface high enough to prevent nitrate depletion 
and thus enhancement of nutrient release. Oxygena-
tion stabilized epilimnetic TN, TP, and chlorophyll 
concentrations (Salonen et al., 2020).

In the literature, hypolimnetic oxygenation has 
generally yielded favorable results, particularly in 
controlling cyanobacteria (Preece et al., 2019), but in 
the Enonselkä basin, oxygenation in the early phase 
of recovery probably supported the development of 
cyanobacterial blooms. In two Swiss lakes (Gächter 
& Wehrli, 1998) and five Danish lakes (Liboriussen 
et al., 2009), the effect of oxygenation on epilimnetic 
nutrient concentration was also found negligible. 
Although the large-scale oxygenation in the Enon-
selkä basin had an apparent positive effect on deep-
water oxygen and nutrient concentrations (Salonen 
et al., 2020), it had no pronounced impact on TP con-
centration and phytoplankton biomass in the epilim-
nion. It is reasonable because water volume below the 
typical ~ 10  m thickness of the epilimnion (Salonen 
et  al., 2020) represents less than 10% of the total 
volume of the Enonselkä basin. Further, during the 
oxygenation years, TP concentration at 29  m depth 
did not decrease during summer stratification, while 
due to denitrification, TN concentration decreased 
by ~ 40% compared to the median of the preceding 9 
years (Salonen et al., 2020).

Biomanipulation

Little attention has been paid to macrophytes and 
periphyton in the littoral zone of the Enonselkä 
basin. Under increased water transparency in the 
mid-1990s, macrophytes expanded their habitat from 
the maximum depth of 2  m to 4  m (Venetvaara & 
Lammi, 1995) and eventually covered almost half of 
the Enonselkä basin. Thus, despite the lack of more 
detailed information, there is no doubt that, as com-
petitors of phytoplankton for nutrients, macrophytes 
also contributed to the success of the biomanipulation 
as strikingly demonstrated in Alte Donau (Dokulil 
et al., 2018), a seepage lake in Austria.

The amount of P annually removed in intensive 
fish removal can be estimated according to the results 
of Boros et  al. (2012). In 1991–1993 the calculated 
amount corresponded to ~ 21–27% of TP in the whole 
water mass. This substantial decrease in P availability 
was inevitably significant for phytoplankton. Between 
1996 and 2020, the respective percentage was lower, 
6.2 ± 2.3% (mean ± SD), but also significant when TP 
concentration is within a range in which limitation of 
biomass and thus of cyanobacteria sets in.

Anttila et  al. (2013) synthesized the chlorophyll 
and TP results of the Enonselkä basin using the 
approach of Bestelmeyer et  al. (2011) to detect pos-
sible regime shifts. They identified a major transition 
(at a 10% risk level) in 1990, which does not cor-
respond to the result of our analysis which found a 
clear breakpoint for 1993 in our breakpoint analysis. 
Instead, our results agree with their minor transitions 
(at a 20% risk level) of chlorophyll in 1989 and 1993. 
The transition in the year 1989 cannot be attributed to 
intensive fish removal but declining chlorophyll con-
centrations were due to the continuing dilution of past 
wastewater discharges and recovery from the preced-
ing internal nutrient loading episode. In 1993, the 
abrupt reductions of TP and TN concentrations were 
probably responsible for the decrease in chlorophyll 
concentration, possibly augmented by the simultane-
ous decreases in atmospheric deposition of nutrients 
and decreased use of fertilizers in agriculture. In 
addition an effect of increased zooplankton grazing 
cannot be excluded (Anttila et al., 2013).

None of the above-discussed factors can explain 
the abrupt decreases in TN, TP, and chlorophyll con-
centrations or the increase in Secchi depth between 
1992 and 1993. Horppila et al. (1998) suggested that 
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the reduction in fish-mediated internal nutrient load-
ing from the sediment of the Enonselkä basin was 
more important than the reduction in planktivory. 
This is because benthivorous fish fluff the sediment, 
which increases turbidity and enhances nutrient flux 
to the water (Horppila & Kairesalo, 1990, 1992). 
Therefore, the reduction of roach biomass (54% of the 
total catch) from 180 kg  ha−1 to 50 kg  ha−1 during the 
intensive fish removal (Horppila & Peltonen, 1994) 
was an essential factor in the nutrient dynamics of the 
Enonselkä basin. In addition, a shift in the age struc-
ture of the roach further sharpened the change in total 
nutrient and chlorophyll concentrations between 1992 
and 1993. In 1994, the three youngest age groups, 
which eat less benthos (Horppila, 1994), accounted 
for about twice as much roach biomass as in 1992.

Removal of planktivorous and benthivorous fish is 
widely used to reduce the abundance of phytoplank-
ton and cyanobacteria, but the results have often been 
contradictory (Triest et  al., 2016; Paerl et  al., 2016; 
Yin et  al., 2022). Positive results may also be over-
represented because negative results are a barrier to 
publication. In addition, because many factors can 
have different short-term effects in different combi-
nations and timing, the variation of the results in a 
given lake is high and can include random short-term 
trends. Therefore, long-term monitoring is essential 
for a realistic evaluation of biomanipulation results 
for one lake. Unfortunately, obtaining financing for 
comprehensive studies is challenging.

Most attention in biomanipulation studies has tra-
ditionally been paid to the predation of zooplanktivo-
rous fish on large cladocerans, like Daphnia, which 
are efficient filter feeders with a high potential to con-
trol phytoplankton. Zooplankton data from the Enon-
selkä basin before 2000 are scarce, but there is no 
evidence that large Daphnia played a dominating role 
(Hansson et  al., 1998). Other zooplankton can also 
mediate dynamic trophic cascades (Urrutia-Cordero 
et  al., 2015; Ger et  al., 2016). In a paleolimnologi-
cal study, Nykänen et  al. (2010) observed a signifi-
cant ~ 2% increase in the length of Daphnia ephippia 
in the laminated sediment of the Enonselkä basin 
between 1992 and 1993, indicating increased graz-
ing pressure at the time when TN, TP, and chloro-
phyll concentrations suddenly decreased. Due to the 
nonlinear nature of the length-to-mass relationships 
(Bottrell, 1976), the corresponding increase in Daph-
nia biomass was probably substantially higher than 

indicated by the linear measures of ephippia. Unfor-
tunately, incomplete preservation and variable hydro-
dynamic focusing render cladoceran remains in the 
sediment unreliable indicators of the past population 
size (Nykänen et  al., 2009). Nevertheless, the diets 
of roach and smelt (Horppila, 1994; Horppila et  al., 
1996) show that zooplankton was an essential com-
ponent in the diet of zooplanktivorous fish. There-
fore, ~ 80% removal of zooplanktivorous fish, mainly 
smelt (~ 30% of the total catch of the fish removal) 
and roach (Horppila et  al., 1998) no doubt affected 
zooplankton biomass and composition. The migration 
of roaches to the littoral area to avoid predation (Pel-
tonen et al., 1996, 1999) further emphasized the role 
of smelt. Notably, the biomass of strictly zooplank-
tivorous smelt also halved between 1992 and 1993 
(Horppila et al., 1996) when TN, TP, and chlorophyll 
concentrations suddenly decreased.

Chlorophyll:TP ratio can reflect the intensity of 
zooplankton grazing on phytoplankton (e.g., Mazum-
der, 1994; Yin et al., 2022), but it is also affected by 
many other factors, and lake-specific differences can 
be substantial (Yuan & Jones, 2020). As expected, 
chlorophyll:TP and phytoplankton biomass:TP ratios 
in the Enonselkä basin decreased during and soon 
after the intensive fish removal (Fig.  5), indicating 
increasing grazing on phytoplankton. However, in 
2015–2017, extremely high (up to > 100  kg   ha−1) 
smelt biomass (Ruuhijärvi et al., 2020) did not result 
in high (0.35–0.41) chlorophyll:TP ratio and phyto-
plankton biomass:TP ratios. Further, in 2011, when 
high water temperatures destroyed most of the smelt 
population (Ruuhijärvi et al., 2020), both ratios were 
not different from those in 2015–2017. This dis-
crepancy is difficult to explain, but possibly effects 
were missed due to too infrequent (monthly) phyto-
plankton sampling frequency. The similar develop-
ments of chlorophyll:TP ratios in the Enonselkä and 
Kajaanselkä basins, where fish removal was almost 
negligible, suggest that it may not be an unambigu-
ous indicator of a trophic cascade. Although fish 
are motile, the fish population in the much larger 
Kajaanselkä basin was not markedly affected.

The results from the Enonselkä basin were 
quite opposite to those known from Lake Ring-
sjön, in Sweden (Ekvall et  al. (2014), which is only 
slightly larger (surface area 40  km2) than the Enon-
selkä basin. Fish removal in Lake Ringsjön, ini-
tially ~ 25  kg   ha−1   year−1, decreased in 3  years to 
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a relatively steady level of ~ 5  kg   ha−1   year−1. In 
June, the proportion of Daphnia in zooplankton bio-
mass roughly triplicated in 7  years and at the same 
time, cyanobacterial biomass declined to a quarter. 
Although the fish removal rates were only a quarter of 
those in the Enonselkä basin, the effect of Daphnia on 
cyanobacteria in Lake Ringsjön was apparent. How-
ever, these authors reported no similar effects in July 
and August. The contrasting results between summer 
months suggest that the outcome of fish removal may 
be seasonally different and achieved through different 
pathways in the food web.

In 70 Danish and Dutch lakes (area 0.002  km2–9.4 
 km2), from which more than 50% of zooplanktivorous 
fish were removed within 1–3  years (Søndergaard 
et  al., 2007), the positive effect of biomanipulation 
did not last longer than ~ 10  years. On the contrary, 
in the Enonselkä basin, the positive impact has lasted 
for > 30 years. The most likely explanation for the dif-
ference is the continuous medium-intensity fishing at 
the Enonselkä basin after the intensive fish removal.

Dynamics of phytoplankton during the recovery 
process

During the last half of the 1980s, Aphanizome-
non replaced Planktothrix in the Enonselkä basin. 
Although the biomass of Aphanizomenon was lower, 
as a surface scum-forming taxon its harmful effect 
on the recreational value of the lake remained high. 
The rapid shift from the dominance of non-nitrogen-
fixing Planktothrix to nitrogen-fixing Aphanizomenon 
was probably due to different responses to fluctuat-
ing hydrodynamics and, perhaps most likely, to the 
decreases in nutrient concentrations because TN:TP 
ratio in the epilimnion was high and rather stable 
(Fig.  5). Planktothrix can be present throughout the 
water column or in the metalimnion (Van Liere & 
Mur, 1980; Jacquet et  al., 2005; Posch et  al., 2012), 
and the taxon tolerates lower availability of light than 
many other cyanobacteria (Dokulil & Teubner, 2000, 
2012). In the Enonselkä basin, this was manifested by 
the red colour of the phycoerythrin-rich Planktothrix 
during winters until 1985 (Keto & Tallberg, 2000). 
Between 1978 and 1985, the oxygen concentration in 
the water column below 12–16 m depth was hypoxic 
in late summer, while during the following 10 years, 
the hypoxic zone was below ~ 20  m depth (Salmi 
et  al., 2014; Salonen et  al., 2020). The increase in 

stratification depth possibly reduced light availability 
in the nutricline to such a low level that Planktothrix 
could no longer effectively utilize higher metalim-
netic P concentration. Shading by surface blooming 
cyanobacteria (e.g., Mur, 1999) probably also favored 
Aphanizomenon over Planktothrix. Because the 
epilimnetic TN concentration was high and relatively 
stable, nitrogen fixation hardly provided an advan-
tage to Aphanizomenon. The current TP concentra-
tion in the Enonselkä basin has not yet reached the 
critical levels for dominating cyanobacteria (Plank-
tothrix ~ 15 mg  m−3, Aphanizomenon 15–24 mg  m−3, 
Microcystis > 20  mg   m−3, and Dolichospermum 
24 mg   m−3) found by Vuorio et al. (2020) in > 2000 
Finnish lakes.

In the 2000s, the increasing trend in chlorophyll 
concentration and phytoplankton biomass (Fig. 4) as 
well as their variation (Fig. 5) in the Enonselkä basin 
were likely due to the decrease in fish removal (Fig. 3) 
and changes in weather-related factors. Simultane-
ously increasing summer precipitation (i.e. increasing 
external nutrient loading) (Fig.  1) and weak oxygen 
conditions in the hypolimnion contributed to nutrient 
availability in the epilimnion, but their relative impor-
tance is unknown. Distinct cyanobacterial blooms 
were observed only in 5 years out of the 25 last study 
years (Fig.  8), while in the Kajaanselkä basin they 
occurred only once. Blooms can appear and occa-
sionally disappear during recovery without being 
triggered by high nutrient concentrations. One of the 
most striking examples is Lake Bourget in France, 
where Planktothrix rubescens blooms appeared after 
more than 20  years of oligotrophication (Jacquet 
et  al., 2005) when the epilimnetic TP concentration 
was close (26 mg  m−3) to that in the Enonselkä basin 
today. In Lake Bourget the blooming period lasted 
15 years, but the species practically disappeared for 6 
years until it reappeared (Moiron et al., 2021).

Cyanobacteria thrive at a wide range of nutrient 
concentrations, including oligotrophic waters (Reinl 
et al., 2021), but high abundances are most typically 
associated with high TP concentrations (Verspagen 
et al, 2022) unless N is limiting (Shatwell & Köhler, 
2019). Heavy cyanobacterial blooms may occur rel-
atively frequently in the early phase of the recovery 
from eutrophication, and decreasing nutrient avail-
ability gradually decreases their occurrence (Sal-
maso & Tolotti, 2021). The critical TP concentration 
at which the contribution of cyanobacteria becomes 
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dominant may be as high as ~ 50–90  mg   m−3 (Cho-
rus et  al., 2021), which corresponds to the range of 
the concentrations prevailing in the Enonselkä basin 
between 1975 and 1980. The ~ 13% reduction of the 
TP concentration from ~ 31  mg   m−3 to 27  mg   m−3 
between 1992 and 1993 was probably a critical 
change related to the risk of cyanobacterial blooms. 
At TP concentrations < 10–20 mg  m−3 (Chorus et al., 
2000), massive cyanobacterial blooms are unlikely, 
which agrees with the Finnish lake data (Vuorio et al., 
2020). Fastner et al. (2016) suggested a higher criti-
cal limit of < 20–50  mg   m−3 for eight lakes ranging 
from 0.42  km2 to 536  km2. They also suggested that 
critical concentration for controlling cyanobacteria 
may depend on the thickness of the epilimnion, with 
a higher threshold when it is thin. In deep and strati-
fying Mondsee, Dokulil & Jagsch (1992) found that 
the decrease of TP from 25–30 mg  m–3 to 10 mg  m−3 
led to the disappearance of Planktothrix rubescens. 
The low occurrence of harmful cyanobacteria in the 
Kajaanselkä basin (TP concentration ~ 15 mg   m−3 at 
the end of this study) is in line with the above results. 
However, the mean TP concentration of 27 mg  m−3 in 
the Enonselkä basin in June–August after 1993 is still 
sufficiently high for cyanobacterial blooms, calling 
for a further reduction to reliably prevent them.

Jeppesen et  al. (2005) found that after reduced 
nutrient loading, chrysophytes and dinophytes in 
deep lakes became more dominant at the expense of 
cyanobacteria, whereas in shallow lakes, the relative 
importance of diatoms, cryptophytes, and chryso-
phytes increased. However, the target of restora-
tion is not only to decrease the relative proportion 
of cyanobacteria, but also total phytoplankton bio-
mass. In the Enonselkä basin, the biomass of almost 
all phytoplankton groups decreased after the inten-
sive fish removal, reflecting decreasing trophic state. 
Because quite similar development occurred in the 
Kajaanselkä basin, although this was not oxygen-
ated and fish removal at best influenced this indirectly 
via exchange with the Enonselkä basin, the changes 
after the 1980s cannot be unambiguously attributed to 
intensive fish removal and oxygenation.

Implications for future

The remediation measures (excluding the ongo-
ing ~ 50% diversion of urban runoff) applied in the 
Enonselkä basin may have reached practical limits 

to a further decrease in nutrient concentrations and 
phytoplankton biomass. Although the frequency of 
cyanobacterial blooms has substantially declined, 
when they do occur, their levels of biomass are still 
of concern, and as the potentials of the remediation 
measures applied so far are limited, new alternatives 
are needed. Reduction of external loading continues 
to be the primary goal, but it is economically chal-
lenging, and rapid results are not likely. Chemical 
immobilization of P in the sediment is one possibil-
ity, but it is too expensive for lakes of the size of the 
Enonselkä basin and includes potential risks to the 
lake biota. Chemical remediation measures usually 
also target the adsorption of nutrients in the sediment 
and long-term, if not the "final" solution to the prob-
lem. Methods targeting the control of existing cyano-
bacterial blooms have had less attention and they 
do not have an established place in the repertoire of 
water managers. For example, sonification and hydro-
gen peroxide treatments (Lürling et  al., 2014) have 
been suggested, but they are also incompatible with 
the scale of large water bodies. Lürling & van Oost-
erhout (2013) used a combination of flocculent (poly-
aluminium chloride, PAC) and solid phase P-sorbent 
(Phoslock) to effectively sediment developing cyano-
bacterial bloom. Based on the positive results, Drum-
mond et  al. (2022) encouraged temporal and spatial 
trials of this technique to find the best practices for 
in-lake measures to reduce prevailing cyanobacterial 
blooms. McKercher et  al. (2022) also successfully 
used continuous application of lanthanum chloride to 
maintain low soluble reactive phosphorus concentra-
tion in a eutrophic pond.

Because the frequency of cyanobacterial blooms 
in the Enonselkä basin is modest and TN:TP ratio in 
the epilimnion was typically 30–40, on-demand inter-
ception of the growth of cyanobacteria before they 
develop harmful blooms is potentially cost-effective. 
For lakes that are no longer in the phase of continu-
ous cyanobacterial blooming, we suggest testing a 
simple approach combining the ideas of Lürling & 
van Oosterhout (2013) and McKercher et al. (2022). 
In the Enonselkä basin, existing and continuously 
operated phycocyanin sensors may be used to detect 
a threshold to start a low-dose PAC treatment to pre-
cipitate inorganic P in the epilimnion. Considering 
only ~ 20% annual probability of pronounced cyano-
bacterial blooms in the Enonselkä basin, the number 
of treatments would remain small. Because orders of 
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magnitude less chemical would be needed compared 
to classical treatments, both economic and environ-
mental challenges could be resolved. If the micro-floc 
technique (Moore et  al., 2009) is applied to spread 
chemicals from a boat, the precipitate settling should 
be slow, and hydrodynamics could adequately mix 
the chemical into the larger body of water. Low PAC 
doses may also be relatively more efficient in binding 
P than traditionally used high doses (de Vicente et al., 
2008; Jensen et al., 2015). If sedimentation of cyano-
bacterial cells is incomplete, perhaps the greatest 
challenge to the interception is the ability of cyano-
bacteria to store P (Carey et al., 2012).

The results of the Enonselkä and Kajaanselkä 
basins suggest that TN and TP concentrations pro-
vide robust approaches for monitoring the devel-
opment of the trophic status of the lake also in the 
future. The simple Secchi depth is also useful, but 
our results suggest caution. The ~ 50% increase in 
the Secchi depth of the Kajaanselkä basin between 
1992 and 1997 compared with the ~ 70% increase in 
the Enonselkä basin seems too high to be explained 
only by reduced nutrient inflow from the Enonselkä 
basin. Thus, regional conditions that both basins have 
in common probably also contributed to the favora-
ble development of the Enonselkä basin during bio-
manipulation. This possibility is corroborated by 
weather data (Fig. 1).

Phytoplankton analysis is a valuable but tedious 
and expensive monitoring tool. However, the present 
technological advances have not yet been transferred 
into current practices. As Wagner & Adrian (2011) 
demonstrated, monthly sampling is too infrequent to 
capture the dynamics of phytoplankton assemblage, 
and even significant blooms may remain undetected. 
The results from Lake Vesijärvi (Horppila et  al., 
1998; Anttila et  al., 2008) have also verified that 
horizontally and vertically differentiated distributions 
may result in high variation of the phytoplankton 
results. The problem could be solved with the present 
technology. Composite samples could be automati-
cally collected (for example, monthly) so that tempo-
ral fluctuations of phytoplankton could be averaged. 
Then, phytoplankton species composition would be 
truly representative, and confidence limits of the sum-
mer months would provide unprecedented reliability 
to interpret results. A tremendous improvement could 
be reached with a modest investment.

Conclusions

The diversion of wastewaters elsewhere was a turn-
ing point in the oligotrophication of the Enonselkä 
basin, but the later remediation measures also 
had significant impacts. Oxygenation alleviated 
hypolimnetic hypoxia and anoxia, but its effect on 
nutrients was too small to reduce phytoplankton 
biomass significantly. On the contrary, in the most 
eutrophic state of the lake, it even amplified inter-
nal loading, probably chiefly through the physical 
disturbance it caused through the ebullition of car-
bon dioxide and methane. The impacts of waste-
water diversion and biomanipulation on TN, TP, 
and chlorophyll concentration were impressive. An 
order of magnitude reduction in the P load to the 
Enonsekä basin in 1976 led to ~ 60% and biomanip-
ulation to further ~ 30% decrease in TP concentra-
tions. The rapid and persistent declines in TN, TP, 
and chlorophyll concentrations in 1993 leave no 
doubt that those were due to biomanipulation. The 
main advantage of the decrease in nutrient concen-
trations was reducing the cyanobacterial blooms to 
a fraction of the earlier frequency. One of the most 
interesting, albeit laborious, future challenges is to 
investigate what intensity of fish removal, if any, is 
still needed to maintain the present situation of the 
Enonselkä basin.
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