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Abstract The small, shallow lake Littoistenjärvi

(SW Finland) experienced in 1978–2019 rapid fluctu-

ations between extreme ecological states, initially

associated with mass occurrences of the submerged

macrophyte Elodea canadensis Michx. In collapse

years following abundance peaks, water was turbid, in

other years clear. Aeration prevented anoxia under ice-

cover, but this favoured Elodea. Mechanical plant

removal accelerated Elodea growth, and had to be

abandoned. Recurrent cyanobacterial blooms started

in 2000, and by 2006 phosphorus and chlorophyll

reached new high levels because of increased internal

loading. During this turbid state, internal loading

showed significant positive correlation with maximum

water temperature and pH. External loading was

reduced in 2011 by one-third by diverting runoff from

a former arable field transformed into a wetland.

Precipitation of phosphorus with polyaluminium

chloride in 2017 restored the clear-water state. The

case of Littoistenjärvi shows that if internal loading

has become the major factor controlling water quality,

traditional restoration methods (external load reduc-

tion, aeration, removal fishing) provide limited possi-

bilities to improve water quality. Instead, chemical

precipitation of phosphorus seems a promising mea-

sure which can break the vicious circle of algal blooms

and internal loading. Unfortunately, the uncontrol-

lable growth of invasive submerged macrophytes may

jeopardise the positive development.

Keywords Elodea � Aluminium chloride � Chemical

restoration � Alternative stable states � Regime shift �
Lake restoration

Introduction

Eutrophication of lakes caused by too high external

nutrient loading is a common problem all over the

world (Zamparas & Zacharias, 2014), being small and

shallow urban lakes particularly vulnerable (Huser

et al., 2016b). The deterioration of water quality

restricts the uses of lakes for water supply and reduces

their value for humans, creating a need for restoration
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(Jeppesen et al., 2017). The reduction of external

loading is the primary remedy (Jeppesen et al., 2005;

Hamilton et al., 2016), but is often difficult to

implement, and does not always lead to fast recovery.

In many lakes the internal loading—the flux of

nutrients into water from the huge storage accumu-

lated in the bottom sediment during the lake’s

history—maintains the high nutrient levels (Marsden,

1989; Søndergaard et al., 2013). The numerous causes

and mechanisms of internal loading are not all well

understood, and the restoration of a good ecological

state in internally loaded lakes is a process which may

take a long time, often several decades (Sas, 1990;

Jeppesen et al., 2007; Steinman & Spears, 2020). To

speed up this change, several restoration methods have

been applied, such as oxygenation or biomanipulation

(Hansson et al., 1998; Jeppesen et al., 2012; Salmi

et al., 2014), but these have not always been success-

ful. The potential of oxygenation in lake restoration

has been lately challenged (e.g. Hupfer & Lewan-

dowsky, 2008; Niemistö et al., this issue), and in the

case of biomanipulation, even when water quality has

improved, return to the turbid conditions has often

followed after some 8–10 years (Søndergaard et al.,

2007). In the search of more efficient restoration

measures, chemical precipitation of phosphorus has

been tested several times in the past (Cooke et al.,

2005; Mackay et al., 2015; Araujo et al., 2016; Huser

et al., 2016a). Among chemical precipitation methods

(Jančula & Maršálek, 2011), aluminium chloride is

perhaps the most often used precipitant (Huser et al.,

2016a). The chemical treatment produces immediate

results, but the longevity of the good water quality has

been variable, from 1 to 2 years to several decades

(Huser et al., 2016a). The factors affecting the success

of the various restoration measures are only partially

known. Well-documented case studies of applications

of different methods are therefore still valuable.

Although 85% of the lake area in Finland is in good

or excellent ecological state according to the EU

Water Framework Directive, many of the small,

shallow lakes particularly in southwestern parts of

the country have become eutrophicated during recent

decades, resulting in poor or even bad ecological

status. One such badly deteriorated small lake is

Littoistenjärvi in southwest Finland. Over the last four

decades, Littoistenjärvi has experienced rapid fluctu-

ations between extreme ecological states. Such rapid

changes are common in eutrophic lakes, and have been

theoretically analysed as regime shifts between alter-

native stable states (e.g. Scheffer et al., 1993, Scheffer

& van Nes, 2007; Wang et al., 2012). These can arise

from internal dynamics, but in freshwater ecosystems

increasingly often the cause is external pressure (e.g.

long-term excessive nutrient loading and gradual

climate change, or short-term extreme weather events)

(Spears et al., 2016). Although recent critical reviews

indicate that there is little robust evidence of real

regime shifts in nature (Capon et al., 2015), in some

systems the dynamics of invasive species can induce

abrupt changes resembling regime shifts (Hilt et al.,

2018).

There is thus an urgent need of empirical evidence

to improve the understanding of the causes of such

ecological instability in eutrophic lakes (Spears et al.,

2016), and in particular the role of invasive species in

forcing such changes. This article summarises and

analyses the information about the restoration of a

eutrophic Finnish lake gathered during more than four

decades, constituting a relevant example of the

variable success of different restoration measures

applicable in shallow eutrophic lakes, and of the

crucial importance of the invasive macrophytes in

aquatic ecosystems.

Study lake

Littoistenjärvi (608270N, 228240E) has a drainage area

of 3.9 km2, a surface area of 1.5 km2, average depth of

2.2 m and volume of 3.25 Mm3 with 1.8-year

residence time of water (Fig. 1). Before the twentieth

century, there were few houses and little human

activity in the catchment, and the external loading of

the lake remained at pristine levels. Lake water was

used for clothing fabric manufacturing in 1739–1969,

and to maintain the water quality, the sewage was

discharged to the outlet below the lake. Human

population in the neighbourhood of the lake increased

rapidly in the 1900s. The first buildings were mainly

holiday homes, but the construction of residential

houses activated in the 1950s. The number of inhab-

itants in the Littoinen village rose from 686 in 1925 to

6100 in 1993, but a major part of the settlements were

located outside the catchment. From 1903 to the

1930s, the lake received wastewater from at first a

laundry, then a brewery, and in 1919–1931 a cannery

for vegetables, fish and meat at the lake. There was

little agriculture in the Littoistenjärvi catchment
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because the terrain was mostly rocky, and loading

from agricultural areas was rather restricted before the

late 1940s, when the use of mineral fertilisers in

Finland started to increase. The extent of arable fields

was 7.5% of the total catchment in the 1960s–1980s.

Starting from 1971, the lake served as the raw water

source for tap water production for the local munic-

ipalities, with strict protection against drainage area

pollution. From the early 1980s to the end of water

abstraction in late 1998, basically all inflowing water

from the catchment was used to make tap water. In

Fig. 1 Map of the lake Littoistenjärvi showing its bathymetry

and catchment (background map from the open map service of

the National Land Survey of Finland, complemented by the

authors under CCBY4.0 licence; land uses from CORINE

database of the Finnish Environment Institute; pale yel-

low = arable fields; blue area north of the lake = the wetland;

broken line ellipses = approximate locations of the parts of the

catchment from which runoff has recently been diverted)
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1983, Littoistenjärvi was still in about similar condi-

tion as in the beginning of the 1900s (Wahlberg, 1913;

Rautanen et al., 1985). In the following two decades,

however, the lake experienced rapid shifts between

extreme clear-water and turbid states, associated with

population cycles of the invasive submerged macro-

phytes Elodea canadensis Michx (later briefly Elodea)

and Ceratophyllum demersum L. (later Ceratophyl-

lum). Both species showed up in the 1960s, but their

populations remained small until the mid-1980s when

Elodea started to develop mass occurrences (Fig. 2).

To be able to manage the problems caused to water

abstraction, follow-up of macrophytes was started in

1986, and by 1992 it was expanded into comprehen-

sive ecological monitoring. In the 2000s, the sub-

merged macrophyte dominance was replaced by

phytoplankton dominance and badly deteriorated

water quality. To maintain or restore the usability of

the lake, various management actions were taken over

the years. As the lake is one of the few recreational

lakes of the region, there was great interest to monitor

and manage Littoistenjärvi water quality even after the

water abstraction had ended.

Methods used in following the lake ecosystem

changes

Submerged macrophytes

Starting from 1986, submerged plants were monitored

once in late summer (Aug–Sep), or three times during

the summer season (in 1996–1998), along ten littoral

transects, perpendicular to the shoreline and evenly

distributed around the lake, and ten stratified random

sites in the central open area deeper than 1.5 m. Plant

cover and abundance were recorded by a diver from

2 m wide transects extending 50 m from the shoreline.

The depth at the end of the transects was on average

1.5 m (range 0.9–2.1 m). In 1986 and 1987, the whole

lake was divided in 10 strata, with 5 samples from each

(in 1987 two). From 1988 onwards, plant biomass was

assessed separately for the transect zone and the

central area. Two quantitative biomass samples (three

since 1996) were taken from each transect, and one

from each of the central sites. Plants collected were

washed, identified, dried at 60�C, and weighed.

Whole-lake values were calculated noting that the

transect zone covered 20% of the total lake area.

In summers 1996–1998 when the biomass of

Elodea was estimated three times during the summer,

instantaneous growth rates were calculated for the

littoral transect zone and the central open area from the

equation

Fig. 2 Submerged plant biomass and average total phosphorus and chlorophyll a concentrations in summer in Littoistenjärvi in

1986–2019
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¼ ln final biomass=initial biomassð Þ=length of period daysð Þ:

Total phosphorus and nitrogen contents of Elodea

were analysed from 41 samples representing different

population densities in 1996–2018. Determinations

were made by Southwest Finland Water and Environ-

ment Research with Finnish standard methods.

Water quality

Water quality sampling started as part of a national

survey in 1963. Survey samples taken at three-year

intervals were complemented with additional samples

particularly in the 1980s. Since 1992, samples were

collected with a Limnos sampler weekly or twice a

month throughout each open-water season (from

April–May to September–November, 10–15 dates

annually), from 1 and 2 m depths at the deepest point

of the lake, and analysed at Southwest Finland Water

and Environment Research. In many years vertical

profiles were also taken 1–3 times in winter from

under the ice. Regular measurements included water

temperature, pH, Secchi depth transparency, total

nitrogen (here later TN), nitrate ? nitrite and ammo-

nium nitrogen, total phosphorus (here later TP) and

soluble reactive phosphorus (SRP), and chlorophyll

a (Chl-a); in the ice-covered winter period also

dissolved oxygen. In 1971–1998, the pH of intake

water was measured every morning at 8:00 h by the

staff of the water purification plant. Further parameters

quantified at longer intervals were iron, manganese,

aluminium, chloride, alkalinity, conductivity, turbid-

ity and water colour. Occasional determinations of

heavy metals and organic contaminants were also

available (Sarvala & Perttula, 1994). Analytical

methods followed Finnish standard laboratory proce-

dures accepted by the Finnish Accreditation Service

FINAS. Water quality results are available in the

Finnish Environment Institute’s open data service.

Internal phosphorus loading

Summer months in the Littoistenjärvi area are usually

quite dry so that the external loading in summer tends

to be negligible. This made it possible to estimate

internal phosphorus loading from the summer increase

of TP concentrations in the same way as in another

southwest Finnish lake, Säkylän Pyhäjärvi (Nürnberg

et al., 2012: Eq. 1, page 150). The annual minimum

concentrations were normally observed in spring after

the ice-out, while the maximum concentrations were

reached around mid-August. Accordingly, internal

loading was calculated as the difference in average TP

concentrations between May and August. Weather

data for the nearest station in Yltöinen, 11 km away,

were obtained from the open data service of the

Meteorological Institute of Finland.

Sediment chemistry

Chemical characteristics of the bottom sediment were

analysed from cores taken with the Limnos corer from

the ice (March 2012, March 2015) or by a diver in

open water (December 2018). The sediment was cut

into 2-cm-thick slices down to 10 cm, and into 5-cm

slices below 10 cm. Subsamples of known volume

were weighed, dried at 105 �C, re-weighed, and loss

on ignition was determined after incineration at

500�C. Total phosphorus was determined according

to Bengtsson (1979) with the molybdate method after

wet combustion. Where appropriate, other subsamples

were used for sequential fractionation of phosphorus.

In 2012, phosphorus fractions were determined in the

Geology Department of the University of Turku,

following the methodology of Hieltes & Lijklema

(1980) (6 sites, 7 layers from 0 to 20 cm). In 2015, TP,

Fe and S contents were determined by Southwest

Finland Water and Environment Research (6 sites,

0–6 cm), and in 2018, phosphorus fractions were

determined in Swedish University of Agricultural

Sciences in Uppsala with the methods of Hupfer et al.

(1995) (6 sites, 8 layers from 0 to 30 cm).

Phytoplankton and zooplankton

In 1983, phytoplankton and Chl-a were sampled

weekly or twice a week from April to October.

Plankton samples were also available from June–

October 1987 and May–September 1988, and begin-

ning from 1992, sampling covered the open-water

season first at weekly, later fortnightly intervals (twice

a week in 1992). Each sample consisted of two or three

water columns taken with a Limnos tube sampler (6.8

or 3.5 l) from 0 to 2 m depth from different parts of the

central open area. For phytoplankton, subsamples of

250 ml were taken from each column, to be combined

in the laboratory to one composite sample each date
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for microscopical counting. Chl-a was determined

from a 2-l composite sample from 0 to 2 m. Plankton

samples were analysed in the University of Turku, and

since 2000 by the same persons in Southwest Finland

Water and Environment Research, with similar meth-

ods as in Sarvala et al. (1998). Phytoplankton was

counted with an inverted microscope, applying the

extensive quantitative counting procedure of the

Finnish Environment Institute, consistent with the

standard (CEN, 2006).

Zooplankton samples were taken at the same time

with phytoplankton. Zooplankton samples comprised

the whole volume of the composite sample columns,

concentrated with a 25 or 50 lm mesh net, and

combined in the laboratory to form one composite

sample each date. Using an inverted microscope,

zooplankton subsamples were counted until 50–200

individuals of each dominant crustacean species had

been measured. Their lengths were converted to

carbon biomass using carbon to length regressions

(as in Sarvala et al., 1998).

Fish

From 1993 onwards, the fish stocks in Littoistenjärvi

were monitored with test fishing once a year using the

Nordic gillnets (CEN, 2005: height 1.5 m, length

30 m, each net contains 12 mesh sizes from 5 to

55 mm, knot to knot; 20 gillnet nights). Catch per unit

effort (CPUE) was recorded as numbers and biomass

of fish. In 1993–2012, fishing was done in early June,

in 2015–2019 in late July–early September, and in

2013 and 2014, both in early and late summer to check

for the effects of the shift in timing. Four sampling

strata were used, and the gillnets were set for about

12 h. Fishes were measured and weighed, and the

results were recorded by mesh size, species and size

group. Fish age was assessed from scales, otoliths,

cleithra or opercula. In 1993–2016, growth was

examined from size at age, while in 1995–1998 and

2017–2019, growth estimates were based on back-

calculated lengths.

Management actions in Littoistenjärvi:

implementation and critical evaluation

The invasive submerged macrophytes wholly domi-

nated the ecosystem functioning in Littoistenjärvi in

1986–1999. Elodea biomass peaked in 1986, 1991 and

1997–1998, followed by population collapses in 1987,

1992 and 1999. Ceratophyllum was dominant in 1996

and moderately abundant from 1997 to 2005. In 1987,

most of the plants died during the winter because of

anoxia, or freezing into the thick ice, while in 1992 the

mass death was after the ice-out in May. In the winter

1999, the lake went almost completely anoxic under

the ice, and most of the Elodea were killed (Fig. 2).

Each collapse was followed by high nutrient and Chl-

a levels during one summer, while clear-water condi-

tions with low nutrient and Chl-a levels prevailed in

the following 2–4 years. After the third Elodea

collapse, the submerged macrophytes did not recover,

and the lake remained in the 2000s in a hypertrophic

state dominated by cyanobacterial blooms. The suc-

cessively worsening water quality problems elicited

numerous management attempts in the catchment and

in the lake, from aeration to removal of vegetation,

reduction of external load, intensified fishing, and

finally to chemical precipitation of phosphorus

(Table 1). In the following sections, we critically

assess the measures implemented and their success in

combating specific environmental problems in the

lake Littoistenjärvi.

Problem: the threat of winter anoxia

Elodea overwinters in an active state (Nichols &

Shaw, 1986), and its respiration causes oxygen deficit

under the ice, when there is too little light for

photosynthesis. In Littoistenjärvi, the late winter

oxygen saturation close to the bottom was low,

20–40%, even without Elodea in 1975–1981 (Sarvala

& Perttula, 1994). During its mass occurrences,

Elodea was evenly distributed in the lake, including

the open central part[ 2 m deep, while in the

intervening years it was restricted to shallower areas

(\ 1.5 m). During the development of the first Elodea

peak, the oxygen saturation in March 1986 went down

to 5–23%, but anoxia was avoided due to melting

water inputs in late winter. Next winter, bottom waters

went anoxic in March. The anoxia led to mass death of

Elodea, and release of phosphorus and organic com-

pounds from bottom sediment and plants into water. In

the tap water production period, such development

was not acceptable.

123

Hydrobiologia



Table 1 Management actions in Littoistenjärvi in 1987–2019

Management

problem

Management

action

Management tool Description Performance Period of

operation

Notes

Threat of winter

anoxia

Aeration Planoks 1 surface

aerator

An air pump installed

on a float

Mar 1987–

Dec 1998

Planoks and

Listem 22,500

€ (in 1987)

Listem subsurface

aerator

600 m of tubing

installed above

bottom, compressed

air enters water as

microbubbles through

800 slits/m

2000 l air/min, or

864 kg O2/day,

dissolving efficiency

25%

Oct 1987–

Dec 1998;

Feb 1999–

Mar 2002

Energy efficiency

2.7–4.2 kgO2/

kWh.

Compressor

price 2,650€
(in 1999)

Running costs

substantial

Water current

generator

Underwater propeller

creates a water

current maintaining

the nearby area free

of ice, allowing

oxygen

replenishment of

water

Kept at least a 500 m2

area free of ice in N

part of the lake;

another pump kept

150 m2 open in SE

part. Maintained the

whole lake minimally

oxygenated under ice

Operated

during

winter

starting

from Dec

2002

Originally used

to maintain an

open area for

winter

swimming

Water pump Water was pumped to

1 m height above the

surface and expelled

to the air,

oxygenating while

falling down

100 m3 water/hour.

Together with the

current generators

helped to maintain

the whole water

column oxygenated

Jan–April

2003

An ad hoc

solution to

prevent anoxia

of near-bottom

water during an

exceptionally

long ice-cover

Airit 70 surface

aerator

A water pump installed

on a float

69 l water/s Oct 2011–

Mar 2016

1.5 kW,

efficiency

2.2 kg O2/kWh

Maintenance

service 5000€
(2019)

Excessive

abundance of

submerged

macrophytes

Removal of

vegetation

Small-scale removal

of loose submerged

plants by

volunteers

Floating macrophytes

were collected by

rakers on the shores

from where they were

transported to a

recycling centre for

composting

Areas in front of

swimming beaches

were kept more or

less open. In 1992,

some 500 tons of

Elodea (3 tons/ha)

removed

May–June

1992, Sep

2018,

May–Sep

2019

Costs of plant

removal:

In 1992: 13,500 €

1996: 2,500 €

1997: 21,000 €

Large-scale

mechanical plant

removal using

Aquatic Weed

Harvester RS2000

A paddle-wheel boat

with front cutters and

a conveyer belt to

collect the loosened

plants for transport to

the shore. Capacity

up to 1 hectare per

hour

Cutting depth

adjustable down to

2 m. Shallow

minimum draught

(0.65 m) allows

working close to the

shore, and direct

landing of collected

plants. Up to 700 tons

of Elodea (5 tons/ha)

removed in 1998

Summers

1996–1998

45 €/ton of plants

Estimated total

cost for 1998

thus

31,500 €
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Management action 1: aeration

The management action taken was wintertime aera-

tion, started in March 1987 with one aerator (Table 1).

Another aerator was added in autumn 1987, and both

were run until December 1998 when the municipal

water abstraction ended, and both aerators broke

down. One of these could be run intermittently later

that winter, and in the following winters it was run

until the final break-down in 2002. After this, aeration

was accomplished with simple current generators

maintaining two small ice-free areas. In the harsh

winter 2002–2003, an additional pump was discharg-

ing water in the air, to fall down from 1 m height. Two

new aerators were installed in 2012, and run until

2016.

Under-ice water quality samples revealed that

aeration effectively kept the oxygen satura-

tion[ 60%. The vertical oxygen profiles were similar

all over the lake even if the aerators were located close

to the shores (in six winters the maximum difference in

close-to-bottom saturation between three sites was

5–12%). In 1987, when the bottom water went anoxic

in March for the first time, the first aerator then

installed could still oxygenate the whole water volume

in one month before the ice-out. In 1988–1998, even

though submerged macrophytes were abundant, two

aerators could prevent anoxic conditions in bottom

water. In winter 1999, when only one aerator was

functioning for part of the winter, almost complete

anoxia developed, and the Elodea population col-

lapsed. After 1999, macrophytes remained scarce,

Table 1 continued

Management

problem

Management

action

Management tool Description Performance Period of

operation

Notes

Intense

cyanobacterial

blooms

Reduction of

external

loading

Development of

municipal sewage

system

Construction of

settling basins to

stormwater sewers

Creation of a wetland

Diversion of parts of

catchment

All houses except 5

connected to the

municipal sewage

system

Runoff diverted from

40% of catchment

area

Sewage

system

1980s–

2010s

Wetland

created

2009

Runoff from

wetland

diverted

2011

Diversion of

industrial

area 2019

External loading

reduced

possibly by

58% from the

early 1990s to

2020

Food-web

manipulation

by fishing

Pound nets

Seine netting

Bream gillnets

Pound nets were set for

the spring period

Apr–June. Winter

seining was

attempted when ice

conditions allowed,

fishable flocks were

located by sonar

Pound net catches

1–42 kg/ha/a (mainly

roach), winter seine

catch 16 kg/ha

(mainly bream)

2006–2015

(pound

nets); Feb

2009

(winter

seine

netting)

Total annual

costs of fishing

about 10,000 €

Reduction of

internal

loading by

chemical

precipitation

of

phosphorus

Polyaluminium

chloride PAX

XL100 of Kemira

Oyj, applied in

water with the

special boats of the

company

Ympäristö-

Ojansuut Oy

The liquid chemical

was distributed by

driving across the

lake along parallel

transects. A smaller

boat was used for

shallow water. The

boats have on both

sides 5-m pipes with

openings at regular

intervals through

which the liquid is

dripping into water

The whole lake area,

150 ha, was covered

in 36 h

Water clarified in 24 h

11–12 May

2017

Costs:

Environmental

permit 4,000 €

Treatment alone

1,000€/ha.

Extensive

monitoring

500€/ha
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enabling the current generators and ad hoc aeration to

prevent anoxia even under the long ice-cover in

2002–2003. In 2012–2015, when macrophytes were

also scarce, aeration likewise prevented anoxia, and

reduced the summertime TP and Chl-a contents by

20% compared to the preceding three years without

aerators.

Overall, aeration was efficient in keeping the whole

water column oxygenated, and preventing wintertime

release of phosphorus from the sediment. But as

observed in 2012–2015, the reductions in nutrient

levels were not sufficient to improve the hypertrophic

state of the lake. Moreover, oxygenated conditions

under the ice favoured the overwintering of Elodea,

and may have accelerated the development of exces-

sive macrophyte biomass. In practice, however, dense

but living stands of submerged macrophytes may be a

better alternative compared to plants dying because of

anoxia—as seen in Littoistenjärvi in the 1980s and

1990s, live macrophytes kept the nutrient levels in

water low. But aeration was not able to prevent the

deterioration of water quality in the 2000s. In the same

vein, other recent studies have concluded that although

aeration improves the oxygenation of water, it has

little influence on the nutrient levels in the whole water

mass (e.g. Salmi et al., 2014; Bormans et al., 2016;

Kuha et al., 2016; Visser et al., 2016). Thus, it is

unlikely that aeration alone could restore the water

quality in Littoistenjärvi or elsewhere.

Problem: excessive abundance of submerged

macrophytes

During their peak biomass in 1986, 1991 and

1996–1998, submerged macrophytes started to hinder

recreational use of the lake. Swimming and rowing

became difficult, because plant shoots extended from

bottom to surface throughout the lake. Local anoxia

was also likely to develop in summer nights under the

dense macrophyte stands, leading to leakage of

phosphorus into water. Occasional pulses of SRP

were indeed observed in summer 1998 when macro-

phyte density was at its highest. A third problem

arising from the dense Elodea stands was that iron-

and aluminium-bound phosphorus can potentially be

released when sediment pH rises over 8.5 (Niemistö

et al., 2011). Moreover, in connection with the

population crashes, the dying Elodea released large

amounts of nutrients, resulting in dense algal blooms

and turbid water for one summer. During its peak

biomass periods, Elodea completely dominated the

nutrient balance of the whole ecosystem. The phos-

phorus content of living Elodea in June–September

1996–2001 was 0.61 ± 0.06% of dry mass (mean ±

SE). Dense and sparse populations did not differ, but

TP content was highest in July. From the mean TP

content, the phosphorus accumulated in Elodea

biomass in the peak years was 2200 kg P in the whole

lake, i.e. 22-fold compared to storage in water (97 kg),

and 27-fold the external load of that time (82 kg a-1);

only the sediment storage was larger. In the low

population phase 2000–2015, TP in Elodea was\ 3%

of the storage in water.

Management action 2: removal of vegetation

As a remedy, removal of excessive vegetation was

tried. At first, floating plants were collected by

voluntary citizens on the shores for transport to a

compost dump. In 1996–1998, a special machinery,

Aquatic Weed Harvester RS 2000, originally designed

for removal of Ceratophyllum, was used. Simpler

cutting equipment was tried but found unsuitable.

In 1992, 510 tons of living and dead, partly

decomposed vegetation, mainly Elodea, were

removed from the lake. This was approximately half

of the total biomass in the previous autumn. In

1996–1998, 306–700 tons of submerged macrophytes

were removed annually. Even when 700 tons, or twice

the average biomass that summer, were removed in

1998, Elodea biomass did not decline.

Attempts to reduce Elodea by mechanical collec-

tion can thus be regarded as a failure. This was because

of the strong density dependence of the growth of the

plant. Even the most intensive macrophyte removal in

1996–1998 did not appreciably reduce the total

biomass of Elodea. Instead, biomass removal led to

greatly elevated growth rates of the remaining plants

(Fig. 3), compensating for the removals during the

same summer. Accordingly, photosynthesis of Elodea

resulted in very high maximum pH values, up to[ 10.

Yet there were no signs of phosphorus release from the

sediment. This might be because pH remains lower in

the sediment than in water; our data from 1987 and

1988 suggest a difference of 1.5–2 pH units, in line

with the findings of Huser et al. (2016a). As a

conclusion, removal of vegetation was considered

futile and was discontinued. In restricted areas off
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swimming beaches and boat piers, plant harvesting

could be worthwhile.

Problem: Intense cyanobacterial blooms

In the beginning of the study period, in 1978–1981, the

total nutrient levels of Littoistenjärvi indicated eutro-

phy (TP in May–September * 50 lg l-1; Fig. 4), but

water quality was rather good, with Chl-

a levels\ 5 lg l-1, and transparency[ 2.5 m (Rau-

tanen et al., 1985). In the submerged macrophyte-

dominated period 1986–1998, the ecosystem showed

rapid fluctuations between extreme clear-water and

turbid states. In the clear years, TP, TN and Chl-

a concentrations were low and transparency high

(often down to the bottom), and the TP level gradually

declined to about 20 lg P l-1 in the mid-1990s. In

Elodea’s collapse years, nutrient and Chl-a concentra-

tions were high and transparency low, but cyanobac-

teria were blooming only in May–June 1992. Judging

from high values of the daily pH records, short 2–3-

week cyanobacterial blooms had earlier occurred in

1976, 1980 and 1984, and similar blooms of partly the

same species (e.g. Anabaena lemmermannii P. Rich-

ter) were reported from Littoistenjärvi already in

1908–1912 (Wahlberg, 1913).

In 1978–2018, phytoplankton Chl-a levels were

predictable from TP (Fig. 4). Also the total phyto-

plankton and cyanobacterial biomasses were related to

TP, although to a lesser extent. The share of

cyanobacteria of the total phytoplankton biomass

was much less determined by the phosphorus level,

so that cyanobacteria were often dominant even at

rather low TP level.

A closer look at the seasonal dynamics revealed

that often TP rose first (e.g. due to anoxia or high pH),

and TN followed later, most likely as a result of

nitrogen fixation by blooming cyanobacteria. Consis-

tent with this, TN and TP concentrations showed high

correlation (Fig. 4). In summer, the SRP concentra-

tions were almost always below the detection limit. Of

the inorganic nitrogen forms, the NO3–NO2–N was

mostly below the detection limit, with detectable con-

centrations in late autumn in some years, but some free

NH4–N was often observed towards the autumn,

occasionally at any time of the summer. These patterns

suggest that the plankton system in Littoistenjärvi was

P-limited or co-limited by P and N.

In spite of the intervening single turbid-water years,

water quality during the Elodea dominance in the

1980s and 1990s and a few years afterwards was

mostly acceptable for recreational activities, and the

tap water production could be continued by adding

activated carbon to the purification process to remove

possible cyanobacterial toxins.

In the 2000s, after the decline of Elodea in 1999,

however, a major change happened. Intense cyanobac-

terial blooms lasting for up to 5–6 months every

summer started in 2000, and a little later, in

2003–2006, TP and TN concentration phased to new
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highs of 80–120 lg P l-1, and 800–1500 lg N l-1,

around which they started to fluctuate (Fig. 4). Low

values of the TN:TP mass ratio prevailed in

2006–2016, indicating that the nutrient environment

in these years favoured nitrogen-fixing cyanobacteria.

After 2005, the stinking summer blooms of

cyanobacteria rendered Littoistenjärvi practically

unusable for human purposes, and the local citizens

demanded urgent management actions. Because the

water quality and usability of Littoistenjärvi were

ultimately dependent on the availability of phosphorus

in lake water, the management actions focused on the

amount and fate of phosphorus in the system, aiming

at reducing the external and internal loads.

Management action 3: reduction of external

phosphorus loading

Reduction of external loads is the primary approach in

combating eutrophication (Jeppesen et al., 2012;

Hamilton et al., 2016). Although the nutrient loading

to Littoistenjärvi never much exceeded the back-

ground diffuse loading, its further reduction was the

goal of environmental authorities. Along with the

development of the municipal sewage system, the

number of houses not belonging to the system and

relying only on septic tanks was reduced. Settling

basins were constructed in stormwater sewers draining

into the lake. Cultivation of the few arable fields was

discontinued, and the last field was transformed into a

wetland for waterfowl in 2009. Two years later,

wetland waters were diverted away from the lake. In

addition, runoff from a new industrial area in the

northernmost corner of the catchment is currently

(2019) being diverted (Fig. 1).

Based on field measurements of inflows, the

external phosphorus loading into Littoistenjärvi in

1992–1993 was estimated at 138 kg P a-1 or 0.092 g P

m-2 a-1 (Sarvala & Perttula, 1994). The most

important phosphorus source was the arable fields,

and other significant components were forested areas,

rural houses and aerial deposition. During 1980–2010,

the municipal wastewater system, which drains the

treated sewage directly into the Baltic Sea, was

extended to the whole catchment, and all houses

except five had joined the system by the year 2020.

bFig. 4 From top to bottom: Average total phosphorus, total

nitrogen, mass ratio of total nitrogen and total phosphorus,

chlorophyll a concentration, and Secchi disk transparency in

Littoistenjärvi in summer (1 May–15 September) in 1978–2019

(1 July–15 September in 2017) (broken line in the uppermost

panel = total phosphorus concentration expected from external

loading and water residence time (Ahlgren et al., 1988);

horizontal bars = average total phosphorus and nitrogen values

for the submerged macrophyte-dominated period 1984–1999, as

well as for the phytoplankton-dominated turbid period

2006–2016; narrow vertical arrows = Elodea collapse years

1987, 1992 and 1999; thick block arrow = the chemical

treatment year 2017)
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According to the process-based model VEMALA,

developed for quantifying nutrient inputs and losses in

Finnish lakes (Huttunen et al., 2016), the external load

of total phosphorus to Littoistenjärvi in 2001–2010

was 82 kg P a-1 or 0.054 g P m-2 a-1 (Markus

Huttunen, Finnish Environment Institute, Helsinki,

personal communication). The diversion of the high-

phosphorus waters (up to 290 lg P l-1) from the

wetland reduced the total external load by at least one-

third to 55 kg P a-1 or 0.036 g P m-2 a-1, and the

ongoing diversion will lead to further reductions.

The Littoistenjärvi catchment is small, and there-

fore external loading was not considered to be a major

driver of the ongoing environmental problems in the

lake. The gradually widened coverage of the wastew-

ater system removed most of the point load from the

human settlements in spite of the considerable

increase in the number of houses and inhabitants. A

major reduction of external load also followed from

the diversion of the high-phosphorus waters of the

present wetland. In all, the diverted area was close to

40% of the catchment (Fig. 1). The construction of

settling basins in the stormwater systems is not

expected to have had a significant impact on the

external loading due to their small size. The existing

estimates suggest that overall, the external phosphorus

load decreased by 58% during the last three decades.

Part of this change is real, although part is due to

improved estimates. This is about as big reduction as

was possible, but still the lake remained hypertrophic

after the completion of these measures.

Fig. 5 Biomass (top) and numbers (bottom) of fish caught per gillnet night in test fishings of Littoistenjärvi in 1993–2018
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Management action 4: food-web manipulation

by fishing

Reduction of planktivorous and benthivorous fish can

reduce the prevalence of cyanobacterial blooms by

replacing small-sized zooplankton with larger and

more efficient herbivores and by reducing leakage of

phosphorus from the sediment (Jeppesen et al., 2012).

Test fishings with the Nordic gillnets in 1993–2018

indicated that both planktivorous and benthivorous

fish were very abundant in Littoistenjärvi (Fig. 5),

suggesting that there was potential for food-web

manipulation. Roach (Rutilus rutilus [Linnaeus]),

perch (Perca fluviatilis Linnaeus), bream (Abramis

brama [Linnaeus]) and pike (Esox lucius Linnaeus)

were the main species. Temporal changes in the

biomass CPUE were small relative to the normal

variability of the catches. In contrast, the CPUE in

numbers suddenly increased fivefold in 2000 to[ 100

fish gillnet night-1, decreasing in 2015–2019 to\ 60

fish gillnet night-1. This reflected a major change in

the fish assemblage structure. In the 1990s, big perch

and roach were common, but in the 2000s and 2010s,

none of the perch or roach have grown big. Similarly,

in the 1990s, a few big bream and no small ones were

caught, but the 1999 year-class was strong, and could

be followed in the catches up to 2006, when its

offspring appeared in catch as a pulse of small bream;

the offspring of the latter appeared in 2014. Consistent

with fish abundance, crustacean zooplankton was in

most years dominated by small-sized cladocerans and

cyclopoids, indicating high predation pressure by fish

(Fig. 6). Consequently, zooplankton to phytoplankton

mass ratios high enough to enable grazing control of

phytoplankton only appeared in two years when

Daphnia galeata G. O. Sars 1864 was abundant

(1983, 2009; Fig. 7). Reduction of the planktivorous

fish populations could thus enhance the grazing

control of phytoplankton in Littoistenjärvi, and

Fig. 6 Average biomass of crustacean zooplankton in Littoistenjärvi in summer (1 May–15 September) in 1983–2018

Fig. 7 Biomass ratio of herbivorous crustacean zooplankton to

phytoplankton (g wet mass m-3/g wet mass m-3) in Littoist-

enjärvi in May–September in 1983 and 1992–2018
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simultaneous reduction of benthivorous fish might

decrease the release of phosphorus from the bottom.

In 2006–2015, attempts were made to reduce the

cyprinid fish. In eight years, 3–4 pound nets were set

after the ice-out for 3–6 weeks in 3–4 places. Big

predatory fish (pike and perch) were released. Big

bream and crucian carp (Carassius carassius [Lin-

naeus, 1758]) were caught in 2008 with 20 special

gillnets constructed for fishing bream (65 and 75 mm

knot to knot). Seine netting in open water in autumn

was tried in September 2009, but catchable aggrega-

tions of fish were not found, and fishing was discon-

tinued because catches remained small. Weak ice

conditions and restricted availability of fishing crews

hindered winter seining except in 1 year (2009).

The reduction of planktivorous fish as a manage-

ment method to prevent cyanobacterial blooms has

been successful only when fish catches have been high

enough (Hansson et al., 1998; Jeppesen & Sammalko-

rpi, 2002; Søndergaard et al., 2007; Jeppesen et al.,

2012), up to 70–85% of fish biomass (Perrow et al.,

1997; Hansson et al., 1998; Meijer et al., 1999; Sarvala

et al., 2000b). Target catches also increase with

increasing nutrient levels, because the production of

fish then increases (Jeppesen & Sammalkorpi, 2002).

Effects of fishing have also been temporary. There

have been several cases in which a complete fish kill

made water clear, but the fish community recovered

and water quality returned to previous level in about

3 years (Sarvala et al., 2000a; Ruuhijärvi et al., 2010).

The presence of invertebrate predators may also

complicate the food-web relationships (Liljendahl-

Nurminen et al., 2003).

In Littoistenjärvi, catches from spring-time pound

net fishing in 2006–2015 varied from 1 to 42 kg ha-1

a-1, mainly roach. In winter 2009, 16 kg ha-1 of

mainly bream were caught with a seine net. The

overall catches were 188 kg ha-1, but when this was

divided to nine years, the average annual catch was

only 21 kg ha-1 or so low that no water quality

improvements could be expected (Jeppesen & Sam-

malkorpi, 2002).

Management action 5: reduction of internal loading

by chemical precipitation of phosphorus

In spite of the previous management efforts, the lake

remained in hypertrophic condition in 2006–2016. In

the latest official EU Water Framework Directive

evaluation (2013) based on monitoring data from 2006

to 2012, the ecological state of the lake was judged

poor, and it seemed to be getting still worse. A further

cause of concern was that the cyanobacterial blooms

(particularly Anabaena spp, in some years also

Microcystis spp) turned out to be toxic (high concen-

trations of microcystins were determined; unpublished

report by M. Vehniäinen, University of Turku). In this

state, Littoistenjärvi was almost unusable, and there

was growing willingness among the local inhabitants

to use stronger interventions, among them chemical

treatment, to restore the lake.

The main problem after the end of Elodea domi-

nance in the 2000s was internal loading, i.e. release of

phosphorus from bottom sediment, which increased

TP of water three- or fourfold during the summer. In

the macrophyte-dominated period, internal loading

was negative, but after the decline of Elodea, it started

to increase in 2001, and rose to about 100 mg P m-2

summer-1 by 2005 (Fig. 8). Although these estimates

may in some years include some external loading, they

did not show any correlation with June–August

rainfall, suggesting a minor confounding effect of

external load. Moreover, the average external load in

May–August would be so low (14 mg P m-2 or 9 mg P

m-2 after 2011) as to have minimal influence on the

overall pattern. In the period 2005–2016, internal

loading showed a significant correlation with maxi-

mum summer temperature and maximum pH. In

2005–2016, the average internal TP loading in sum-

mer (131 ± 24 mg P m-2; mean ± SE) exceeded the

annual external load roughly threefold, and was the

Fig. 8 Internal loading of total P in Littoistenjärvi in

1992–2019, calculated from the difference in average TP

concentrations between May and August (thin vertical arrows =

Elodea collapse years, thick open arrow = the year of chemical

precipitation of phosphorus)
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main factor leading to the increased TP level in the

2000s and 2010s.

Chemical precipitation is known to be an efficient

way of improving water quality (Cooke et al., 2005;

Araújo et al., 2016; Huser et al., 2016a), binding

phosphorus from water and the surface layers of

sediment with an added chemical. Water quality

effects are immediate. The most commonly used

chemical is polyaluminium chloride (Jančula &

Maršálek, 2011). The advantage of aluminium is that

it retains phosphorus even in anoxic conditions,

although at high pH ([ 8.5–9.5) even aluminium-

bound phosphorus starts to be released (Reitzel et al.,

2013).

The extensive monitoring together with the earlier

management actions provided a sound basis for

planning the chemical treatment. Water quality studies

were complemented with sediment analyses. Different

phosphorus fractions were assessed in 2012 and 2018

(Table 2), and the total phosphorus, sulphur and iron

concentrations were determined in 2015. Their aver-

age contents in the 0–6 cm layer were 1.50 ± 0.05,

2.67 ± 0.17 and 37 ± 0.85 mg g-1 dry mass, respec-

tively (N = 6), resulting in Fe:P and S:Fe molar ratios

of 13.5 ± 0.38 and 0.13 ± 0.01, and Fe:P mass ratio

of 24.4 ± 0.68 (mean ± SE).

In 2013, the lake owners decided to apply for an

environmental permit to precipitate phosphorus with

aluminium chloride. The permit was granted by the

Regional State Administrative Agency in 2014, and it

required that the effects of intensified aeration and

fishing should be tested for three years before the

chemical treatment. Neither of these actions produced

desired results. The polyaluminium chloride PAX

XL100 of Kemira Oyj was chosen as the chemical. It is

a liquid containing 9% of aluminium, and widely used

for purification of raw water in tap water production

and treating sewage. Chemical dosing was based on

the water volume in the lake, pH, alkalinity and

phosphorus fractions in sediment and water, as well as

precipitation experiments. Target pH was 6.0–6.3.

On 11–12 May 2017, 160 tons of polyaluminium

chloride (44 mg l-1) of Kemira PAX XL100 were

distributed all over the lake with special boats

(Table 1). Although the chemical dosage was finally

decided on the basis of water clarity and pH in

precipitation experiments with Littoistenjärvi water,

the amounts applied were roughly consistent with

known sediment properties. In 2012, the average total

P content in the uppermost 10 cm of sediment was

0.166 mg P cm-3, the HCl-extracted apatite-P and

NaOH-extracted Fe- or Al-bound P accounting for

15.8 and 22.8% of the total P, respectively (Table 2).

The remaining components were the easily

extractable NH4Cl-P (1.1%) and the residual, mostly

organic P (60.2%), part of which may be released

through decomposition. When 0.87 g Al is required to

precipitate 1 g of P, the precipitation of phosphorus in

water (in 2006–2016 average concentration 94 lg P

l-1 or 304 kg P in the whole lake) would require

2939 kg of PAX. Although the mobility of different

sediment P fractions is unknown, estimates can be

Table 2 Phosphorus fractions obtained with sequential extraction in the 0–10 cm layer of Littoistenjärvi sediment before (2012) and

after (2018) precipitation of phosphorus with aluminium (mean ± standard error; N = 30)

2012

mg P g-1 dry mass

2018

mg P g-1 dry mass

Ratio 2018/2012 P 2012

mg P cm-3

Total phosphorus 2.12 ± 0.10 2.23 ± 0.04 1.05 0.16 0.166 ± 0.008

NH4Cl-P 0.03 ± 0.004 0.01 ± 0.001 0.38 \ 0.001 0.002 ± 0.0002

NaOH-P 0.50 ± 0.05 0.98 ± 0.03 1.97 \ 0.001 0.038 ± 0.004

HCl-P 0.33 ± 0.05 0.16 ± 0.01 0.48 \ 0.002 0.026 ± 0.005

Residual P 1.26 ± 0.10 0.80 ± 0.02 0.63 \ 0.001 0.100 ± 0.007

Fe-bound P (BD extraction) 0.33 ± 0.02

Al-bound P 0.65 ± 0.02

In 2018, the first step, NH4Cl extraction, was followed by a Na-bicarbonate and Na-dithionite-extraction step (BD extraction)

delivering redox-sensitive P mainly bound to Fe hydroxides (Hupfer et al., 1995). The NaOH extraction that followed then yielded P

regarded as mainly Al-bound. The NaOH-P value given for 2018 is the sum of these two fractions, approximately corresponding to

the NaOH-P in 2012 when the BD extraction was omitted. Statistical significance of the 2018 versus 2012 comparison indicated (t

test, unequal variances). The last column gives the 2012 values calculated per sediment volume
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made for the potential binding of P to PAX after its

release from sediment fractions into the porewater

solution, for example during diagenesis. On this basis,

a maximum estimate of 206 tons of PAX would be

required to bind all other P fractions in the uppermost

10 cm of sediment except the apatite-P, and 131 tons

of PAX would be required to bind the NH4Cl-P, half of

the NaOH-P and two-thirds of the residual P. The

dosage actually applied was midway of this range.

The chemical treatment clarified water in 24 h. For

several weeks, the horizontal visibility was above

30 m. In summer 2017 and in the open-water season of

2018, water quality was good or even excellent. The

new state was stable from early July 2017 to June

2019. The change in seasonal development compared

to preceding years was dramatic (Fig. 9). Internal

loading of phosphorus remained low, and the typical

steep increase of TP, TN and Chl-a, and decrease of

transparency from spring to late summer disappeared.

It is also informative to compare the post-treatment

water quality parameter values to those observed

during the whole monitoring history 1978–2018

(Fig. 4). From 2005–2016 to 2017–2018, TP declined

from 92 ± 15 to 23 ± 1, TN from 1170 ± 244 to

320 ± 27, and Chl-a from 45.2 ± 19.2 to

4.5 ± 0.3 lg l-1 (volume-weighted averages for 1

May–15 Sep ± SD). Transparency increased from

0.58 ± 0.12 to 2.22 ± 0.01 m, or part of the time

down to the bottom as in the 1990s.

The chemical treatment removed all phytoplank-

ton, but in four weeks a new assemblage developed

consisting of the same species as before the treatment,

with chrysophytes and diatoms as the dominants, and

with few cyanobacteria. For the next two summers,

phytoplankton biomass remained below the upper

limit of ‘good ecological status’ of EU Water Frame-

work Directive (in this lake type\ 1.6 mg l-1) for the

first time since the mid-1990s (Fig. 10).

Crustacean zooplankton which likewise disap-

peared in the treatment, recovered in about two

months, and in late summer and autumn zooplankton

was relatively abundant. The seasonal development of

plankton in the treatment year suggests partial con-

sumer control of phytoplankton. Phytoplankton recov-

ered faster than crustacean zooplankton, leading to

increasing turbidity in June. When the crustacean

zooplankton had normalised by early July, phyto-

plankton decreased by two-thirds and remained below

the June levels until autumn. Throughout the summer

2017, phytoplankton Chl-a was inversely related to

both total and herbivorous zooplankton biomass. Also

the relationship between Chl-a and phosphorus in late

summer 2017 indicated a food chain structure capable

of maintaining clear water (Fig. 11). In 2018, how-

ever, the situation was different. The ratio between

zooplankton and phytoplankton was lower than in

2017, and sustained low levels of phytoplankton were

likely due to low phosphorus availability.

The target pH[ 6 in the chemical treatment could

not be wholly fulfilled. For a short period, pH was

about 5.5, and at some sites it even went temporarily

down to below 5. As a consequence, 4940 kg

(33 kg ha-1; about 2000 fish) of dead/dying big

bream were collected away. Other fish survived, and

test fishing did not indicate any effects attributable to

the treatment. The pH normalised in about 2.5 weeks,

after which it stayed close to 7.0 throughout the

summer and autumn 2017. In summer 2018, pH

gradually increased with increasing growth of sub-

merged vegetation up to 8.4 in September, and even

higher maximum was reached in 2019.

The submerged macrophytes were not directly

affected by the chemical treatment, but the restored

clarity of water had major indirect influence by

enabling good growth of the plants, although TP

levels in water were very low. In the first summer after

phosphorus precipitation, the submerged plants

remained as sparse as in the preceding years, in spite

of clear water (Fig. 2). But during the next summer

2018, Elodea started to spread over the lake bottom, so

that the coverage in late summer was approaching

30%, and some other species were also increasing

(Potamogeton crispus L. and Myriophyllum alterni-

florum DC). Average total macrophyte biomass

remained low (Fig. 2). In the following winter, oxygen

deficit developed below 2 m depth, particularly in the

southern part of the lake where the plant coverage was

highest. As a result, partially decomposing floating

plants appeared in spring 2019 across the lake, and

were collected and transported away. Towards autumn

2019, Elodea coverage and biomass continued a

moderate increase.

The TP contents of sediment after the chemical

treatment did not differ significantly from the values

determined before the treatment (Table 2). The loosely

bound NH4Cl-P fraction and the HCl-P (Ca-P) or

insoluble apatite fraction had reduced to roughly half,

and the residual phosphorus to two-thirds of the 2012
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Fig. 9 Seasonal

development of total

phosphorus, total nitrogen

and chlorophyll

a concentrations, and

transparency in

Littoistenjärvi in 2006–2016

and in 2017–2018 (vertical

broken lines = date of the

chemical treatment in 2017)
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values. The sum of the Fe- and Al-bound phosphorus

(the BD- and NaOH-extracted fractions) in 2018,

corresponding to the NaOH-P in 2012, had doubled,

and formed 44% of the total sediment phosphorus. The

increase was similar throughout the uppermost 30 cm

of sediment. In 2018, the Al-bound phosphorus

comprised 69% of the sum of BD- and NaOH-P, and

it seems likely that the majority of the added

aluminium (14,880 kg Al) was bound with phospho-

rus to the sediment. The added aluminium was a minor

fraction (about 1%) of the total sediment Al.

Before the chemical treatment, the total aluminium

level in water in Littoistenjärvi was on an average

101 lg l-1 (N = 5). During the treatment, values

Fig. 10 Average summer (1 May–15 September) biomass of the main phytoplankton groups in Littoistenjärvi in 1983–2018

Fig. 11 Average summer (1 May–15 September) chlorophyll

a concentration relative to total phosphorus in water in

Littoistenjärvi in 1978–2018 (upper broken line = the relation-

ship when planktivorous fish are abundant and zooplankton

small-sized, lower broken line = the situation with few fish and

abundant large-sized zooplankton (from Mazumder, 1994),

large black dots = Elodea collapse years, triangles = the years

after chemical treatment [2017, 2018])
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temporarily exceeded 200 lg l-1, but they soon

declined to lower level than before treatment. In

summer 2019, average Al concentration was

41 lg l-1.

In the short-term, the chemical restoration of

Littoistenjärvi was a great success. For the first two

years, all aims were fulfilled. The nutrient concentra-

tions declined to one-fourth and Chl-a to less than one-

tenth of the values before the treatment. In spite of

probably anoxic sediment surface in parts of the lake

in winter 2019, no signs of phosphorus release from

the bottom were noticed (12 February 2019: TP

9–14 lg l-1 at all depths). TP and Chl-a remained low

even in spring 2019 (23 May 2019: TP 20–22 lg l-1,

Chl-a 3.5 lg l-1). In the following weeks, however,

nutrients started to leak out of detached, partly dead

and decomposing Elodea, floating on the lake surface,

so that on 5 June 2019 TP was 21–30 lg l-1; Chl-

a was not yet affected (1.9–2.6 lg l-1). With increas-

ing temperature, however, an eight-week episode of

turbid water followed, starting from 18 June 2019,

with elevated TP, Chl-a and pH (maxima 62 and

53 lg l-1, and 9.44, respectively), and reduced trans-

parency (minimum 0.5 m). The turbid period was

preceded by an almost complete disappearance of big

crustacean herbivores, suggesting that planktivorous

fish were also involved. In the first weeks of turbidity,

cyanobacteria increased, but soon these practically

disappeared. Clear-water conditions were re-estab-

lished after mid-August 2019, and prevailed still in

May 2020.

Future years will show how long the good state will

persist. The longevity of the results of phosphorus

precipitation tends to be low in shallow lakes,

particularly if the Al dose is\ 15 g Al m-2 (Huser

et al., 2016a). In Littoistenjärvi, the dose was as low as

10 g Al m-2, but the effects of the treatment might still

extend over several years, because the external loading

is small. Further development of the lake state is,

however, crucially dependent on the behaviour of the

submerged macrophytes.

Discussion

In the beginning of the study period, Littoistenjärvi

was eutrophic, but from the human standpoint in rather

good condition. Grazing by abundant crustacean

zooplankton herbivores kept phytoplankton in check

and water clear. This favourable situation changed

with the increase of the invasive submerged macro-

phyte Elodea. During the period 1985–1999, the

whole ecosystem was controlled by the cycling

abundance of Elodea that peaks at every 5–7 years,

followed by population collapses. Clear-water and

turbid state alternated mainly because of massive

nutrient release from plant biomass in crash years.

Similar cycles have been reported from other lakes

(Nichols & Shaw, 1986; Rørslett et al., 1986). The

reasons of the population crashes are not well under-

stood (Simberloff & Gibbons, 2004), but the extre-

mely high pH associated with the mass occurrences

may be involved. The interval between the population

peaks seems to correspond to the general life cycle of

the plant, in which the plant continues to grow until it

reaches the water surface, and then it produces flowers

and dies (Simpson et al., 1980; Rørslett et al.,

1985, 1986; Nichols & Shaw, 1986).

It is not clear why Elodea started to develop mass

occurrences in the mid-1980s, having been present in

the lake without problems for at least two decades.

Increasing temperatures are known to speed up the

growth of Elodea (Zhang et al., 2015). The air

temperature in southern Finland has increased by

0.27�C decade-1 (Mikkonen et al., 2014), but more

important than small increases in summer temperature

might be the substantial lengthening of the growing

season. The duration of ice-cover in Littoistenjärvi has

shortened with 60 days in 1978–2019.

The end of the macrophyte-dominated period is

easier to understand. That Elodea did not recover from

the 1999 crash was likely because water became

turbid, and simultaneously the average water depth

increased, reducing the light available for photosyn-

thesis at the bottom. Once the turbid state was reached,

internal nutrient loading kept the nutrient levels high,

and the resulting low transparency hindered sub-

merged plant growth. It is difficult to imagine a natural

mechanism that could cause a shift from a turbid to a

clear-water state—this requires strong external

intervention.

The fluctuations of the ecosystem of Littoistenjärvi

between extreme clear and turbid states in the 1990s

resembled those expected from the alternative

stable states hypothesis (Scheffer et al., 1993).

According to this hypothesis, the ecosystem of shal-

low lakes has two alternative stable states: at low

nutrient level a clear-water state dominated by
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submerged macrophytes, and at high nutrient level a

turbid state dominated by phytoplankton. At interme-

diate nutrient levels both states are possible, and the

shift from one state to another may be linear, non-

linear, or show hysteresis (Spears et al., 2017; Hilt

et al., 2018), so that at decreasing nutrient levels the

shift to clear water occurs at much lower nutrient level

than the shift to turbid water under increasing nutrient

levels. In the submerged plant dominated state, the

plants effectively compete with phytoplankton, keep-

ing it in check even if nutrients are abundant.

However, in Littoistenjärvi in the 1990s none of the

lake’s states were stable, they were clearly driven by

the abundance cycles of Elodea. In the 2000s and

2010s, the situation possibly changed. The monitoring

results suggest that the lake had since 2006 settled to a

more or less stable phytoplankton-dominated turbid

state, in which the ecological state of the lake was poor

or bad. Increasing variance has been considered as one

early warning signal of such critical transitions

(Carpenter & Brock, 2006; Wang et al., 2012; Gsell

et al., 2016; Spears et al., 2017). In Littoistenjärvi,

however, there was no such change except that, as

revealed by the pH history, the Elodea population

peaks were getting higher with time.

The decline of Elodea in 1999 led to a completely

different type of ecosystem functioning. As in many

other shallow lakes (Søndergaard et al., 2003), in the

turbid phase of Littoistenjärvi, internal loading

increased TP of water three- or fourfold during

summer. This was unexpected, because the chemical

requirements for retaining phosphorus in sediment

were good, iron was abundant, and there was little

sulphur in the top layer of sediment. Efficient binding

of phosphorus by iron requires a Fe:P mass ratio[ 15

(Jensen et al., 1992) or a molar ratio[ 8–10 (Hansen

et al., 2003; Kleeberg et al., 2013; Bakker et al., 2016),

and these ratios were clearly exceeded in Littoist-

enjärvi sediments. Similarly, the S:Fe molar ratio was

much lower than the ratio 1.0–1.4 above which

phosphorus liberation from sediments is more likely

due to trapping of Fe as FeS (Rozan et al., 2002; Rothe

et al., 2015). Deviations from simple chemical expec-

tations emphasise the complexity of sediment chem-

istry and the importance of microbial activities.

When the internal loading was negative during the

macrophyte-dominated period, all available phospho-

rus was immediately incorporated in the biomass of

Elodea. In the turbid phase, when such a phosphorus

sink did not exist, the internal loading of TP and algal

blooms were associated with maximum summer

temperatures, being particularly intense in the hot

summers 2001, 2002, 2003, 2010 and 2014. Warming

climate will therefore likely exacerbate eutrophication

problems. As found in shallow Canadian lakes,

extreme weather events may even lead to regime

shifts (Bayley et al., 2007).

Positive feed-back loops were likely involved in the

evolution of environmental conditions in Littoist-

enjärvi. Once the submerged vegetation had declined

after 1999, phytoplankton was released from its

nutrient competition, algal blooms developed, and

the ensuing turbidity prevented macrophytes from re-

colonising deeper water. The algal blooms led to high

pH, triggering increased release of phosphorus in

water, which then resulted in more algae. Another

positive loop arises likewise from phytoplankton

increase. Settling algae produce more readily decom-

posable sediment, enhancing phosphorus release back

into water, to further increase phytoplankton. The

recurrent population crashes of submerged macro-

phytes may also have led to increased accumulation of

fresh organic sediment which may act as an internal

phosphorus source and gradually destabilise the

system (Carpenter, 1981; Hargeby et al., 2007).

Even though the increase in TP and Chl-a after

1999 was gradual (Fig. 4), strong blooms of cyanobac-

teria started abruptly in 2000 (Fig. 10), suggesting

changes in the interrelationships within the food web.

Cyanobacterial blooms are often associated with high

abundance of small, planktivorous fish (Hansson et al.,

1998). Depending on the size structure, the same fish

biomass can have very different influence on water

quality (Romare & Bergman, 1999). In southern

Finland, strong year-classes of spring-spawning fish

arise in warm summers (Lehtonen, 1996), resulting in

a multitude of small perch, roach, ruffe (Gymno-

cephalus cernua [Linnaeus]), bleak (Alburnus albur-

nus [Linnaeus]) and bream that consume the big

cladocerans, which are the most efficient algivores.

Indeed, in Littoistenjärvi, zooplanktivorous small

roach and perch became very abundant after the hot

summer 1999, and zoobenthivorous fish, particularly

bream, increased at the same time. Several similar hot

summers followed in the 2000s.

These and earlier changes in food-web structure

were clearly visible in the relationship between Chl-

a and phosphorus (Fig. 11). In years before the
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submerged plant dominance, Chl-a level was low

relative to TP, suggesting low abundance of planktiv-

orous fish, and grazing control of phytoplankton by

abundant large-sized herbivorous zooplankton. Low

Chl-a-to-TP ratio prevailed through the macrophyte-

dominated period, except for the years of Elodea

collapse (1987, 1992, 1999) which stand out with their

high Chl-a relative to TP. In 2000–2016, the ratio was

persistently high, indicating minor role of grazers

during that period, with cyanobacteria blooming every

summer except 2009.

It has to be noted, however, that although low Chl-

a/TP ratios are usually thought to indicate high

abundance of large-sized and efficient zooplankton

grazers, low ratios can also appear for other reasons,

e.g. when allelopathy by submerged macrophytes or

light availability limit phytoplankton growth. Thus,

although the Chl-a–TP relationship (Fig. 11) sug-

gested that phytoplankton in Littoistenjärvi could

from time to time be under grazing control, the ratio of

the biomass of big herbivorous crustaceans to that of

phytoplankton (Fig. 7) was usually very low, indicat-

ing that in most years the grazer abundance relative to

phytoplankton was far too small to allow control of

algae. Consistent with this, the increased crustacean

zooplankton biomass in the 2000s (Fig. 6) could not

prevent the water quality deterioration. Actually,

zooplankton biomass showed a positive correlation

with phytoplankton biomass, indicating that bottom-

up resource control of the food web was the rule in

Littoistenjärvi. In the few years, particularly 1983 and

2009, when the zooplankton/phytoplankton ratio was

clearly higher, Daphnia were abundant, the Chl-a/TP

ratio and phytoplankton biomass were low, and

cyanobacteria were sparse. In these years, phyto-

plankton may have been controlled by zooplankton

grazers, although in 2009 a closer look at the Chl-a–

TP relationship (Fig. 11) reveals that most of the

improvement of water quality was due to the lower TP,

which was the result of low internal loading probably

due to low temperature. In other years, there was

clearly no grazing control, and the biomass of

cyanobacteria could be high or low. The maintenance

of the good ecological state in Littoistenjärvi might

benefit from substantial reduction of the fish stock.

Besides fish, the submerged macrophytes may

interfere with the positive development by growing

too much in the clear water. Their photosynthesis can

increase pH so high that aluminium-bound phosphorus

may start to dissolve in water. Experiences from the

Elodea-dominated period in the 1990s suggest that

this risk would be low, but a real risk is leaking of

phosphorus from the dying macrophytes in connection

of population crashes. Mass occurrence of the sub-

merged macrophytes was indeed developing already

in the second summer after the chemical restoration of

Littoistenjärvi. Invasions of nuisance submerged

plants have been reported in other successfully

restored lakes (Lauridsen et al., 1994; Hilt et al.,

2018).

A recent review of such lake restoration cases in

which submerged macrophytes were involved (Hilt

et al., 2018) suggests that in-lake measures, such as

biomanipulation or phosphorus precipitation, may

result in completely clear water throughout the

summer, but this is accompanied with rapid but

transient colonisation by Ceratophyllum, Elodea or

charophytes, and return to turbid conditions after some

years. If this claim holds, it explains the apparent

paradox concerning the significance of macrophytes to

water quality. It is well established that submerged

macrophytes are necessary for maintaining good water

quality (Schriver et al., 1995; Søndergaard & Moss,

1997). Yet in Littoistenjärvi, although even here

submerged macrophytes were associated with clear-

water conditions in most years, their excessive growth

caused also problems. The key observation here is that

the vegetation consisting of the invasive species

Elodea and Ceratophyllum is unstable, while native

species maintain more stable communities supporting

permanently good water quality. The different func-

tional roles of the individual plant species trace down

to their different biological traits and growth strate-

gies. In the same vein, species-specific characters

modify the interactions between zooplankton and

phytoplankton, or zooplankton and fish.

Conclusions

The case of Littoistenjärvi shows that if internal

loading has become the major factor controlling water

quality, the traditional restoration methods (reduction

of external load, aeration, removal fishing) provide

limited possibilities to improve water quality. Instead,

chemical precipitation of phosphorus seems a promis-

ing measure which can break the vicious circle of algal

blooms and internal loading and return the food web to
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a more balanced structure. Proper dosage is the

prerequisite for successful treatment. Unfortunately,

in some lakes the presence of invasive submerged

macrophytes introduces uncertainty in predicting the

success of restoration measures.
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Lepistö, A. Räike, S. Tattari & B. Vehviläinen, 2016. A
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Jančula, D. & B. Maršálek, 2011. Critical review of actually

available chemical compounds for prevention and man-

agement of cyanobacterial blooms. Chemosphere 85:

1415–1422.

Jensen, H.S., P. Kristensen, E. Jeppesen & A. Skytthe, 1992.

Iron:phosphorus ratio in surface sediment as an indicator of

phosphate release from aerobic sediments in shallow lakes.

Hydrobiologia 235/236: 731–743.

Jeppesen, E & I. Sammalkorpi, 2002. Lakes. In Perrow, M.R. &

A.J. Davy (eds), Handbook of ecological restoration,

Volume 2: Restoration in practice: 297–324. Cambridge

University Press, Cambridge

Jeppesen, E., M. Søndergaard, J. P. Jensen, K. 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. Kohler, E. H. H. R. Lammens, T. L. Lauridsen,

M. Manca, M. R. Miracle, B. Moss, P. Noges, G. Persson,

G. Phillips, R. Portielje, S. Romo, C. L. Schelske, D.

Straile, I. Tatrai, E. Willen & M. Winder, M. 2005. Lake

responses to reduced nutrient loading - an analysis of

contemporary long-term data from 35 case studies.

Freshwater Biol. 50, 1747-1771.

Jeppesen, E., M. Søndergaard, T. L. Lauridsen, T. A. Davidson,

Z. Liu, N. Mazzeo, C. Trochine, K. Özkan, H. S. Jensen, D.
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Niemistö, J., H. Holmroos & J. Horppila, 2011. Water pH and

sediment resuspension regulating internal phosphorus

loading in a shallow lake – field experiment on diurnal

variation. Journal of Limnology 70: 3–10. DOI: 10.3274/

JL11-70-1-02

Nürnberg, G. K., M. Tarvainen, A.-M. Ventelä & J. Sarvala,
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