
eschweizerbartxxx 

file taken from sil proceedings 29 cd 

Eutrophication is widely accepted as the most severe
threat to inland waters. If nutrient loading is exces-
sive, algal blooms often develop that can have signif-
icant negative effects on the water quality and biodi-
versity of lakes. The water becomes turbid, toxic
blue-green algae may develop, submerged macro-
phytes disappear, fish communities change into less
desirable species and grazing pressure by zooplank-
ton on phytoplankton decreases. The deteriorated wa-
ter quality threatens municipal and industrial water
uses and reduces the recreational value of the lakes
and rivers.

Restoration projects have been initiated world-
wide to stop this unwanted eutrophication process
and to achieve more desirable states of lake ecosys-
tems. In Europe, the Water Framework Directive re-
quires a good ecological status of all surface and
ground waters be attained by 2015. In the U.S., laws
passed in 1972 and 1977 (Clean Water Act with later
amendments) established requirements to restore and
maintain the physical, chemical and biological in-
tegrity of the nation’s waters. A directive to identify
and restore eutrophic lakes is contained in the Act
(Clean Lakes, Section 314), which continues to bol-
ster state and local lake restoration efforts.

Reaching a good ecological status by lake restora-
tion and management is not an easy task. Complexi-
ty of the aquatic ecosystem and anthropogenic activ-

ities at both local (e.g. land use changes) and global
(e.g. climate change) scales challenge the success of
water restoration measures. Here we introduce the
large-scale lake restoration projects of mesotrophic
Pyhäjärvi (southwest Finland) and eutrophic Lake
Mendota (Wisconsin, USA). Both projects cover
many catchment and in-lake water restoration meas-
ures. The results show that even if national authori-
ties, scientists, municipalities, lake associations and
local people would all be willing to support compre-
hensive restoration and management programs, the
recovery process is slow, and the desired result is of-
ten not evident. Future challenges for managing the
two lakes include changing land use patterns and
agricultural policies, altered stream and groundwater
hydrologies, introductions of exotic species, and cli-
matic change.

Key words: lake restoration, lake management, eu-
trophication, biomanipulation, external nutrient load,
Lake Mendota, Lake Pyhäjärvi

Study areas and restoration methods
Pyhäjärvi has a much larger surface area and a shal-
lower mean depth than Lake Mendota, although their
maximum depths are similar (Table 1). However,
their catchment areas are similar, resulting in Mendo-
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Table 1. Basic information on lakes and the catchments.

Description Pyhäjärvi Lake Mendota
Location South-west Finland (60°54�–61°06�N, Wisconsin, USA (43°6�N, 

22°09�–22°25�E) 89°24�W)
Lake area (km2) 155 40
Mean depth (m); Max depth (m) 5.4; 25 12.7; 25.3
Water residence time (y) 4.6 4.6
Catchment area (km2) 615 602
Population 15 000 449 000 (entire county)
Area in agricultural use (%) 22 54
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ta’s catchment to lake area ratio being almost four
times larger. Coupling that disparity with Lake Men-
dota’s catchment having a much larger percentage of
its land use in agriculture and the population of its
catchment and surrounding area being much larger, it
is not surprising that Mendota is more eutrophic than
Pyhäjärvi.

However, the trophic status of both lakes has wors-
ened as excessive nutrient loadings from external
sources were increasing by the early 1900s (RÄSÄNEN

& SALONEN 1984, LATHROP 1992). In the mid-1940s
sewage inputs of phosphorus (P) increased in both
Pyhäjärvi and Lake Mendota until eliminated by di-
version (Mendota) or reduced by advanced treatment
measures (Pyhäjärvi) in the 1970s (Table 2). Both
lakes currently have intensive catchment manage-
ment programs to reduce agricultural and urban non-
point pollution that has increased in recent years
(Table 2).

In Lake Mendota, water quality problems due to
summer blue-green algal blooms first became an is-
sue in the mid-1940s (LATHROP 1992, CARPENTER &
LATHROP 1999). However, targeted activities to im-
prove the lake’s quality did not begin until the mid-
1960s, coincident with the invasion of Eurasian wa-
ter milfoil (Myriophyllum spicatum). Sewage efflu-
ents were finally diverted from Lake Mendota in
1971, which represented a reduction of about 30 per-
cent of the “bioavailable” P-loading to the lake
(LATHROP 1990). However, no noticeable improve-
ments in water quality were observed in the follow-
ing years because P inputs from agricultural and ur-
ban runoff were high.

While managers and scientists had been trumpet-
ing the need to control these nonpoint sources of pol-
lution to Lake Mendota since the 1960s, major pro-
grams to reduce them did not begin until the early
1980s when the first nonpoint source pollution abate-
ment program was conducted in the western part of
the lake’s catchment. However, the program was gen-
erally ineffective as many of the “best management
practices” (BMPs) were unsuitable for large runoff
events when most of the P is delivered to the lake
(LATHROP et al. 1998, CARPENTER & LATHROP 1999).
In addition, participation by individual farmers in the
voluntary program was low even though cost-sharing
funds were available for implementing the BMPs.

As experience grew with catchment management
practices, in 1993 the entire Lake Mendota catch-
ment was designated The Lake Mendota Priority Wa-
tershed Project (BETZ 2000). This project com-
menced with a 3-year pollution inventory phase that
culminated with a plan to reduce nonpoint P-loadings
by 50%. The implementation phase of the project

commenced in late 1997 and will end in 2008. Ap-
proximately $8.7 million U.S. was originally ap-
proved by the State of Wisconsin to conduct this proj-
ect. The local county conservation agency conducts
the project by working with individual landowners
and municipalities. Participation is again voluntary
(70% state, 30% landowner on agricultural lands;
50% state, 50% municipality for existing urban ar-
eas), but designated “critical sites” with P-loadings
greater than a specified threshold must install BMPs.

The symptoms of eutrophication of Pyhäjärvi did
not become visible until the late 1980s. By the late
1990s the algae problems were annual, and the recre-
ational use of the lake was disturbed. Catchment pro-
tection actions for Pyhäjärvi were implemented in
the early 1990s. In 1995 the Pyhäjärvi Protection
Fund (PPF) was created by local municipalities, pri-
vate industries and local associations with an agree-
ment to voluntarily invest 180 000 € annually during
1995–1999 for lake restoration activities (MATTILA et
al. 2001, VENTELÄ et al. 2001, 2002). The agreement
was later renewed and extended to 2000–2006. The
Protection Fund also obtained additional funding
from various sources that increased the mean annual
budget for 1995–2003 to 500 000 €. In 2004 the
budget increased to 700 000 €. With these funding
sources, the PPF is the main actor in the Pyhäjärvi
Restoration Project (http://www.pyhajarvensuojelu.
net/).

Since 1995, all farmers in the catchment have
committed to the EU’s agri-environmental pro-
gramme to implement basic water protection meas-
ures, including controlled use of herbicides and pes-
ticides, reduction in application of fertilizers and
maintenance of buffer stripes. In addition, more in-
tensive catchment management practices such as
buffer zones, sedimentation ponds and wetlands have
been constructed (MATTILA et al. 2001, KIRKKALA &
VENTELÄ 2002). New innovative treatment methods
such as filtering ditches and sand filters were also
constructed and tested for their ability to remove P
from runoff waters (KIRKKALA 2001).

Both lakes also used biomanipulation as a restora-
tion tool (Table 2). By the mid-1980s in Lake Men-
dota, the lack of perceived improvements in water
quality resulting from the sewage effluent diversion
in 1971 followed by more recent nonpoint pollution
control efforts made the eutrophication problem
seem intractable (LATHROP et al. 1998, 2002, CAR-
PENTER & LATHROP 1999). Because of these and oth-
er factors, a food-web manipulation project via
stocking of piscivorous fish was initiated in 1987 to
both reduce blue-green algal blooms as well as im-
prove sport fishing (KITCHELL 1992, LATHROP et al.
2002). The biomanipulation project was generally a
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Table 2. Implemented water protection actions in Pyhäjärvi and Lake Mendota.

Water protection measure Pyhäjärvi Lake Mendota

Restoration project Pyhäjärvi Protection Fund – Sewage Effluent Diversion 
since 1995, several subprojects: 1971
– Pyhäjärvi LIFE 1996–2000 – Priority watershed project 
– Biomanipulation project in western basin during 1980s
2002–2006 etc. – Lake Mendota Priority Water-

shed Project, 1993–2008 (im-
plementation phase began late
1997)

Budget 500 000 €/year (1995–2004) Mendota Priority Watershed
Project original budget US$
8.7 million (state share); only
~40% actually available

Main funding source EU-programmes, municipalities, State and local, some federal 
local industry monies for agricultural conser-

vation practices

Catchment protection measures Since 1990 Western basin 1980’s, entire 
implemented catchment 1997–2008
– external load reduction – since 1990, goal 50 % Overall P reduction goal is

50 %, ~15% achieved in agricul-
tural improvements through
2003 (urban improvements not
assessed yet)

– waste water treatment – municipalities since 1970’s – municipal sewage effluent 
– industry since 1970’s diverted from lake in 1971
– rural area waste waters since – no industrial discharges
1995 (legislation in 2004)

In-lake actions
– fish removals – intensive commercial fishery – carp and other rough fish 

on planktivores since 1960’s removed during 1935–1969
– biomanipulation on non- – natural planktivore die-off 
commercial species since 1995 in 1987
– annual catch 30–60 kg/ha – planktivorous fish declined 

after 1987 biomanipulation 
project began

– predator stockings – done by local fishing area, – intensive piscivore stockings 
actualization not known in 1987–1989, lesser levels in

subsequent years to maintain
population

Water protection measure Pyhäjärvi Lake Mendota
– chemical treatments no limited use for control of shore-

line macrophytes
– macrophyte removal harvesting especially since

1960’s following invasion of M.
spicatum

Citizen participation and – since 1995 Since 1960s but much more 
education focused efforts in recent decades
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success as large zooplankton grazers (Daphnia puli-
caria) have been abundant in Lake Mendota since
1988 after the stockings began and after a natural die-
off of planktivorous fish in 1987 (LATHROP et al.
2002). Planktivore biomasses were 300–600 kg/ha
prior to 1988 and 20–40 kg/ha since then for most
years. Piscivore biomasses of the stocked fish in-
creased from < 1 kg/ha before 1988 to 4–6 kg/ha af-
ter 1988. Even though decreased bag limits and in-
creased minimum size limits were imposed to protect
the fishery, the increased fishing pressure on the
stocked sport fish made it difficult to sustain these
fish at high densities.

Pyhäjärvi was in effect biomanipulated by com-
mercial fishing for decades because the most impor-
tant commercial species, vendace (Coregonus albu-
la), is also the key planktivore in the system. Vendace
has been shown to affect the water quality of the lake
(HELMINEN & SARVALA 1997). Since 1995 the Py-
häjärvi Protection Fund has subsidized the harvest of
these unwanted fish (MATTILA et al. 2001). In
2002–2004, the EU provided additional funds to sup-
port more intensive fishing. As a result of these sub-
sidies, more than 1 000 000 kg of planktivorous fish
were removed from Pyhäjärvi corresponding to a
harvest rate of 20–50 kg/ha/yr (VENTELÄ et al. un-
publ.).

Results and discussion

The water quality of Pyhäjärvi markedly dete-
riorated from the late 1980s to 2001. Chloro-
phyll a and P concentrations increased (espe-
cially in late summer), transparency decreased
and algal blooms became annual after 1989. At
the same time the fish community also
changed. Vendace stocks collapsed in the early
1990s and remained small through the late
1990s. This broke the balance between the fish-
ery and water quality. Roach (Rutilus rutilus),
perch (Perca fluviatilis), ruffe (Gymnocephalus
cernuus (L.)), and smelt (Osmerus eperlanus)
became more abundant due to increased re-
sources and were not caught by the commercial
fishery. Thus, their total effect on water quality
was even more negative than the effect of ven-
dace.

The annual P load from the Pyhäjärvi catch-
ment did not show any significant change or
trend in 1980–2000, the period of accelerated
eutrophication. Land use, agricultural practices
or waste water treatment have not deteriorated.
On the contrary, both local water protection ac-

tions and the EU’s legislation have increased
the use of environmentally sustainable prac-
tices. The ultimate cause of this accelerated eu-
trophication was not elucidated until recently,
when it was found that these changes in the
1990s were linked to climatic-induced changes
both in nutrient dynamics and timing of the ice
break-up (VENTELÄ et al. unpubl.).

However, 2002 and 2003 were unusually dry
years, and the annual P loadings were only 50%
of the mean loadings of the 1990s. This reduc-
tion in P load was immediately seen as an im-
provement in lake water quality. The intensive
biomanipulation in 2002–2004 caused the low
concentration ratios of chlorophyll a to P espe-
cially in May-June. The latter can be used as an
indicator of improved food web structure
(MAZUMDER 1994, SARVALA et al. 2000). The
proportion of phytoplankton grazing zooplank-

Fig.1. Total annual P load entering Pyhäjärvi and
Lake Mendota (November to October,
1975–1996).

Fig.2. Surface water total P concentrations in Py-
häjärvi and Lake Mendota (April-November,
1980–2003).
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ton species like Daphnia and Bosmina have al-
so increased (VENTELÄ et al. unpubl.). These
positive changes have increased the optimism
for the future of Pyhäjärvi.

Similar to the experiences for Pyhäjärvi, dra-
matic reductions in algal densities occurred in
Lake Mendota in 1988 after a prolonged
drought produced less runoff P-loadings and
lower in-lake P concentrations (LATHROP et al.
1999, 2000). While a major die-off in a key
planktivore (cisco) also occurred that year
(RUDSTAM et al. 1993, LATHROP et al. 2002),
modeling substantiated that P-load reductions
can produce major reductions in summer blue-
green algal densities in Lake Mendota (LATH-
ROP et al. 1998). This is especially true if the
lake remains in the correct biomanipulation
state (i.e. zooplankton dominated by large graz-
ers). Thus, the 50% P-load reduction goal of the
Lake Mendota Priority Watershed Project
would lead to real water quality improvements
in the lake if the goal can be attained.

A preliminary assessment of the agricultural
pollution control measures for barnyards, up-
land sediment erosion, and stream bank erosion
implemented through 2003 indicates a P-load-
ing reduction of about 15% has been attained
(C.R. BETZ pers. comm.). Substantially more P-
load reductions need to be made in these areas.
However, additional P reductions have been un-
accounted for from farmers now having nutri-
ent management plans that credit manure appli-
cations to reduce commercial fertilizer applica-
tion rates.

Urban P reductions have not yet been ac-
counted for either. Much progress has been
achieved as ordinances controlling urban con-
struction site erosion have been passed and are
being enforced. Enforcement is important be-
cause construction site erosion was determined
to be a major source of P-loading to the lake
even though the actual amount of land area un-
der construction each year is relatively small
(BETZ 2000). Recently, both the City of Madi-
son and the surrounding county passed ordi-
nances prohibiting the application of P-based
fertilizers on established urban lawns unless
soil P levels were tested to be deficient – a con-
dition rarely found for urban soils in the coun-
ty (BENNETT 2003). The ordinances take effect
in 2005, although the commercial fertilizer in-
dustry filed a lawsuit to stop the ordinances.
With only four more years remaining in the Pri-
ority Watershed Project, efforts for obtaining
additional P-load reductions are being intensi-
fied as the stakes are high.

Another problem is zebra mussels, which are
expected to soon invade and become dense in
Lake Mendota. While drastic reductions in phy-
toplankton may occur, scum-forming blue-
green algal blooms (including toxic algae) may
increase as well as shallow water growths of
filamentous algae. Both responses would be
perceived as a severe deterioration in water
quality because the public’s main view of the
lake is from the shoreline. The only hope to
control these problems is to reduce P levels in
the lake. Zebra mussels could also produce oth-
er problems that would strain already limited
governmental lake management budgets that
must deal with problems on all area lakes. The
overall increase in water clarity could result in
increased growth of aquatic macrophytes (espe-
cially Eurasian water milfoil) that will necessi-
tate more mechanical harvesting by the county.
In addition, a new subsidized carp removal pro-
gramme may be needed to maintain a balanced
fishery if zebra mussels cause a shift from
pelagic to benthic communities that would fur-
ther favour carp. While carp were removed by
the state and to a lesser extent by commercial
fishing from the 1930s through the 1960s, the
harvest no longer occurs due to budget con-
straints and poor market prices for the carp
(LATHROP et al. 1992).

Fig.3. Mean chlorophyll a concentrations during
July and August for Pyhäjärvi and Lake Mendota
(0–2 m, 1980–2003).
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Conclusions
In many ways the Pyhäjärvi and Lake Mendota
restoration projects have been successful. The public
has become aware of these projects, and people with
diverse interests are involved in the water protection
work. In both cases the funding period is unusually
long, and the average annual budget is large. In addi-
tion to actual water protection measures, both proj-
ects have provided the large-scale education and in-
formation services for different actors, and especial-
ly for local residents.

Yet water quality results show long-term reduc-
tions of external P-loadings are still insufficient.
More effective restoration measures are needed, but
even the P-load reduction problem is not static. Agri-
culture in both catchments is changing as animal
herd sizes increase while the number and total area of
farms decreases. The end result is less land for apply-
ing manure. Coupled with a heavy use of commercial
fertilizers and animal feed supplements, more P is
being imported into the catchment than is being ex-
ported via crops and animal products. As a result, soil
P concentrations have been steadily increasing in re-
cent decades in the Mendota watershed (BENNETT et
al. 1999). Soil P concentrations are also very high in
the Pyhäjärvi area (ALAKUKKU et al. 2004). Thus,
even more effort must be invested to control soil ero-
sion both on agricultural lands and on lands being ur-
banized because construction site erosion rates are
high – a problem that will not go away as the Madi-
son area continues to grow rapidly.

One problem is that farmers who were most will-
ing to cooperate are already participating in the proj-
ects both in Lake Mendota and Pyhäjärvi. Convinc-
ing the remaining farmers in catchments to partici-
pate will be more difficult for various reasons includ-
ing: (1) the farmers have uncertain futures; (2) they
are unable to pay the 30% landowner matching
funds; (3) they distrust government programs; or (4)
they are poor managers.

Another problem in Pyhäjärvi, is that current bio-
manipulation efforts with economic subsidies will be
impossible for the PPF to permanently maintain. If
biomanipulation is needed to help control algal den-
sities in the lake, part of the agri-environmental fi-
nancial support should be channelled not only to the
single farm units, but also to in-lake measures con-
ducted by public organizations. Also, the commercial
fishery should be developed so that it would be sus-
tainable both ecologically and economically.

In the case of Mendota, because of budget short-
falls only about half of the original state funds will be
available for implementing practices during the pro-
ject’s 11-year implementation phase (C. BETZ, Wis-
consin Department of Natural Resources, pers.

comm.). Attaining more urban P-load reductions also
faces new challenges as funds are no longer allocat-
ed directly to the Mendota project. Municipalities
must submit proposals for implementing practices
and compete for state-wide grants.

The rapid positive responses of both lakes to the
droughts with associated low external P load show
that if the goal of 50% P-load reduction could be
reached permanently, both lakes would soon be in a
good ecological status. To date, some progress has
been made toward the 50% reduction goals, but
achieving the goal will be difficult. In years with
high precipitation and river discharge the nutrient
loads are sufficiently high, and current catchment
measures are not able to effectively remove enough P.
This problem of meeting the P-load reduction goals
from agricultural runoff will be even more challeng-
ing in the future as climate models predict increased
precipitation trends due to global warming (MC-
CARTHY et al. 2001). Major storms are predicted to
be more common, resulting in large runoff events
with high P-loadings, and warmer temperatures
would likely lengthen the period when blue-green al-
gal blooms dominate. The shorter period of ice-cover
will shorten the intensive winter seine fishing period
in Pyhäjärvi and thus decrease the intensity of bio-
manipulation.

In spite of these difficulties and challenges, project
managers in both lakes are hopeful that a significant
reduction in P-loading will be realized in the future.
The complex restoration cases for both Pyhäjärvi and
Lake Mendota show that more intensive and effective
methods and regulations for improving water quality
should be established, and the current regulations
should be more efficiently controlled by authorities.
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