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Abstract In the age of climate change, the demand and
lack of pure water challenges many communities. Sub-
stantial amount of effort is put in every year to manage and
restore degraded lakes while the long-term effects of those
efforts are only poorly known or monitored. Oxygenation,
or aeration, is used extensively for the restoration of
eutrophic lakes, although many studies question whether
this process improves the status of the lakes in the long-
term. The desired effect of oxygenation is based on para-
digmatic theories that, in the light of recent literature, might
not be adequate when long-term improvements are sought.
This article canvasses expert views on the feasibility of the
‘oxygen—phosphorus paradigm’ as well as the future of the
management and restoration of eutrophic lakes, based on an
international, two-rounded, expert panel survey (Delphi
study), employing 200 freshwater experts from 33 nation-
alities, contacted at three conferences on the topic. The
conclusion is that the oxygen-phosphorus paradigm seems
to be rather persistent. The experts considered oxygenation
to be a valid short-term lake restoration method, but not
without harmful side-effects. In addition, experts’ low level
of trust in the adequacy of the scientific knowledge on the
effects of restorations and in the use of the scientific
knowledge as a basis of choice of restoration methods,
could be signs of a paradigm shift towards an outlook
emphasizing more effective catchment management over
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short-term restorations. The expert panel also anticipated
that reducing external nutrient loads from both point and
diffuse sources will succeed in the future.
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Introduction
The ‘Oxygen Paradigm’ in Lake Restoration

In this age of climate change, the demand and lack of pure
water challenges many communities (Postel 2000; Glenn
and Florescu 2015). The lakes and freshwater reservoirs of
the world are life-supporting global resources facing mul-
tiple demands and pressures. Freshwaters provide ecosys-
tem services in the form of preserving habitats, various
recreation possibilities, fishing opportunities, esthetic land-
scapes, and the provision of fresh water to human com-
munities. The sustainability of these services is threatened
by excess phosphorus (P) and nitrogen (N) flows, climate
change, an increasing uptake of water in certain areas,
chemical pollution, and a loss of biodiversity (Rockstrom
et al. 2009). The excess P flows to freshwaters have resulted
in eutrophication, which has been considered as the earth’s
most common and severe water quality problem (Cooke
et al. 2005; Schindler 2012). Eutrophication has decreased
the recreational value and usability of lakes, diminished the
biodiversity, and changed the abundance of different fish
species (Cooke et al. 2005; Smith and Schindler 2009).

In many lakes in the global north, the external nutrient
flows have diminished due to improved wastewater
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treatment, but eutrophication problems continue, as a result
of diffuse loading (run-off from, e.g., agriculture and for-
estry) and internal loading from the lake sediment (Cooke
et al. 2005). Internal loading refers to a process in which
nutrients already settled in the sediment are released back
into the water body. When oxygen is present, it is usually
the main electron acceptor in mineralization processes, but
if oxygen is exhausted, alternative electron acceptors such
as Mn>™, NO5’, Fe**, and SO42' are used with con-
sequences for P and N cycling (Nielsen et al. 1990; Shaw
et al. 1990; Cai and Sayles 1996). Over seven decades ago,
Einsele (1936) and Mortimer (1941; 1942) showed that at
low oxygen concentrations the ferric iron in the sediment
(Fe3+) is reduced to ferrous iron (Fe”), which results in the
breakdown of Fe—P complexes and in the dissolution of the
associated P. This mechanism has later been described by
numerous studies (e.g., Bostrom et al. 1982; 1988; Petti-
crew and Arocena 2001; Sgndergaard et al. 2003). As a
result, high concentrations of soluble P are often found in
the deeps of eutrophic lakes during periods of low oxygen
concentrations. Therefore, the oxygen concentration of the
hypolimnetic water (the water body near the bottom, below
the thermocline) has been widely considered to be an
important factor affecting the water quality and status of
lakes (Hupfer and Lewandowski 2008).

To diminish this internal P loading, artificial oxygenation
and aeration of the hypolimnetic water have been com-
monly used and recommended as a restoration tool of
eutrophic lakes (Beutel and Horne 1999; Singleton and
Little 2006). The effects of aeration and oxygenation are not
restricted to P and Fe but they can also be used to diminish
the release of ammonia and other reduced substances from
anoxic sediments and to promote nitrification (Beutel and
Horne 1999; Beutel et al. 2007; Holmroos et al. 2016), to
increase the abundance and biodiversity of zoobenthos
(Doke et al. 1995; Stigebrandt et al. 2015) and to reduce the
rate of mercury methylation in the sediment (Regnell and
Tunlid 1991). Moreover, oxygenation has been frequently
used to prevent fish kills in eutrophic lakes (e.g., Miiller and
Stadelmann 2004).

The evidence on the long-term positive effects of oxy-
genation or aeration is however, sparse and the role of
oxygen as a water quality regulator and the effectiveness of
aeration as a restoration tool have been questioned.
Numerous reasons for the minor effects of aeration have
been presented. Géchter and Wehrli (1998) suggested that
low concentrations of oxygen and high concentrations of
dissolved P in lake deeps are not cause-effect related, but
are parallel symptoms of eutrophication. Moosmann et al.
(2006) have stated that P retention is regulated by the P
concentration rather than by the oxygen concentration in the
hypolimnion. Therefore, P release from the sediment cannot
be effectively regulated through oxygen. Many studies have
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also reminded that aeration tends to increase the oxygen
consumption in the water column through its effects on
temperature and turbulence, which counteracts against the
goals of aeration (Gantzer et al. 2009; Horppila et al. 2015;
Niemistd et al. 2016). It has also been suggested that
the area of anoxic deeps is often so small compared
with shallow oxygen-rich areas that P released from the
anoxic sediments does not generally affect the productivity
of lakes (Tammeorg et al. 2017). Numerous mechanisms
(diffusion, photosynthetically elevated pH, activities of
the biota) promote the release of sediment P also from
shallow oxic areas (e.g., Sgndergaard et al. 2003; Holmroos
et al. 2009). Accordingly, in numerous lakes aeration
has increased the concentration of oxygen and decreased
the concentrations of dissolved P in the deeps, but has
had minor effects on the overall water quality (Liboriussen
et al. 2009; Salmi 2015; Kuha et al. 2016; Horppila et al.
2017).

As a result, the long-lasting ‘oxygen-phosphorus para-
digm’, emphasizing the effect of anoxic internal P loading to
the lake water quality and recommending hypolimnetic
oxygenation or aeration as a management tool of lakes,
seems to be losing its scientific ground, and should be the
object of closer examination. In the interdisciplinary
research project AQUADIGM we studied the internal P
loading in oxic and anoxic areas, effects of hypolimnetic
aeration, and expert and stakeholder views on the future of
the topic. We consider that if the aeration or oxygenation
efforts are not reaching the desired results, there is a need to
revise the lake restoration strategies of many countries that
rely on aeration as a key restoration tool. To improve the
quality of lakes in the long-term, diminishing of external,
diffuse nutrient loading through effective catchment man-
agement is a prerequisite, but finding cost-efficient methods
and policies to reach sufficient reductions in nutrient load-
ing is challenging (Sgndergaard et al. 2000; Schindler
2006). Often they are not easy to implement, as they con-
tradict with other interests. This is one of the reasons why
there has been a tendency to rely on relatively easy, and
conflict-free short-term methods, such as oxygenation of a
lake (Schonach et al. 2017).

The Possible Paradigm Shift

Grounding scientific knowledge on the ecological processes
behind the degradation of freshwaters and the effects of
management and restoration methods is essential, but not
enough to solve the ‘wicked problem’ (Rittel and Webber
1973; Thornton et al. 2013). Socioeconomic forces must be
also taken into account when planning ecosystem man-
agement and restoration (Mayer and Rietkerk 2004). As the
oxygen-phosphorus paradigm comes under increasing
scrutiny, it becomes necessary to evaluate what kind of
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futures are possible, probable, and preferable for reliable
lake management and restoration (Masini 1993). Therefore,
the objectives, paradigms, expectations, hopes and per-
ceived threats shaping water management now and in the
future should be explored.

Despite the challenges related to the principle of oxygen
concentration regulating internal P loading and the con-
troversial effects of oxygenation, it remains a common tool
for management and restoration of eutrophic lakes. Change
in lake management recommendations and practices would
require a paradigm shift within the academic community.
However, changes in the prevailing paradigms may not take
place easily. Ecosystems that are being restored have been
found to be resilient to further changes and, therefore, the
success of the restoration efforts is often difficult to evaluate
(Jeppesen et al. 1991; Carpenter and Cottingham 1997,
Suding et al. 2004). In addition, it is often considered that a
combination of different restoration measures is most
effective (Sollie et al. 2008), but the outcomes of several
simultaneously applied restoration procedures are difficult
to discern (Sgndergaard et al. 2007). Also, as lake ecosys-
tems vary in their characteristics and evolve continuously
due to natural processes and multiple human impacts, the
reference baselines vary and shift, making target setting and
forming of generally applicable management recommen-
dations difficult (Bennion et al. 2011). Furthermore, chan-
ges in lake restoration practices may happen slowly even if
there is clear evidence that the internal P loading is not
regulated by the oxygen concentration. First, the scientific
community may resist this new discovery and cause a delay
in its publication and recognition (Barber 1961) and there-
after the stabilizing elements of the existing socio-technical
system may prevent or decelerate changes in societal
practices (Geels 2004).

According to Thomas Kuhn (1962), the introducer of the
concept of paradigm, the adoption of a new paradigm
requires new actors, usually young individuals, who ques-
tion the prevailing paradigm. Eventually a new paradigm
replaces the old one, as paradigmatic change will only
happen through resistance and reconciliation inside the
scientific community. Based on observations of previous
scientific revolutions, Kuhn described a paradigm shift as a
revolution of science that changes the central concepts,
methods, and scopes of interest, and discards the old ones.
Within biology and limnology, it has been stated that it is
questionable whether there has ever been such a revolution
after the introduction of Kuhn'’s theory (Wilkins 1996; Paine
2002; Walz and Adrian 2008). However, possible paradigm
shifts are often discussed within disciplines and are usually
understood in a less strict sense, referring to a major change
in research agenda, concepts, or methods that replace the
former conventions. Here, we use the term paradigm, but
acknowledge that the oxygen-phosphorus paradigm may

not be an overwhelming paradigm, in the strict Kuhnian
sense.

After a paradigm shift within the scientific community,
the next delay appears when introducing the new knowl-
edge to stakeholders and other actors. New scientific
knowledge and paradigmatic change will not necessarily
change management practices easily, if the new knowledge
contradicts the existing practices, interests, or other per-
spectives on the issue (Ludwig 2001). The efforts to man-
age a lake can be seen as a socio-technical system that
involves actors (researchers, consulting agencies, other
firms, environmental administration, politicians, funders,
NGOs, local people, etc.), institutions (rules, norms, reg-
ulations, practices), and systems (resources, physical arte-
facts, knowledge) that are interrelated (Geels 2004).
Interdependencies maintain the stability of the socio-
technical system, and therefore a shift, i.e., a socio-
technical transition, requires changes in several dimen-
sions and takes time to unfold (Geels and Schot 2010).
When a socio-technical transition is desired, transition
management (TM) tools can accelerate the process. TM is a
governance approach aiming at steering socio-technical
transitions towards more sustainable practices through a
participatory process of visioning, learning, and experi-
menting (Rotmans et al. 2001). The approach focuses on
long-term thinking as a basis for short-term policy, con-
sidering several domains, actors and scales, learning,
innovating, and keeping a large number of options (Loor-
bach 2010).

In this study, the purpose is to find out how strong the
oxygen—phosphorus paradigm currently is within the sci-
entific community of lake researchers, whether the para-
digm may be changing, and how a possible paradigm shift
might affect future lake restoration policies and practices.
The aim is to reveal the views of international freshwater
experts on the two dominant water management beliefs: 1)
the role of oxygen concentration in the internal P loading
process and 2) the effectiveness of oxygenation or aeration
as a restoration method of eutrophic lakes. In addition, we
explore the experts’ insights on the future of alternative lake
management and restoration strategies and tools up to the
year 2030. The task is carried out by conducting an inter-
national Delphi study. Delphi is a multi-rounded survey
method to utilize expert knowledge in creating future
visions or forecasts (Linstone and Turoff 1975; Rowe and
Wright 1999). We employ 200 freshwater experts in three
conferences (Germany, Hungary and Finland) to evaluate
objectives, statements and possible future changes regard-
ing lake management and restoration. Our working
hypothesis is that the trust in the major role of oxygen in
internal phosphorus loading is still strong, but there may be
signs of weakening of the paradigm. This could anticipate a
shift towards the outlook suggesting that short-term
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Table 1 Sampling of the expert
panel

Conference attendees total

Sample size (approx. no of attendees in
the session)

Taken questionnaires
Returned questionnaires, 1st round

Response percent (of taken
questionnaires)

Response percent (of session attendees)

Number of respondents enrolled in the
2nd Delphi round

Responses on the 2nd Delphi round
Response rate of the 2nd Delphi round

LS, Finland SEFS, Germany SIL, Hungary Total

81 488 487 1056

80 350 (approx.) 400 (approx.) 830

81 189 298 568

45 70 85 200

58% 37% 29% 35%

58% 20% (approx.)  21% (approx.) 24% (approx.)
43 48 55 146

19 20 19 58

44% 42% 35% 40%

(%)

Total number of responses in each round in bold

restoration methods, such as oxygenation, should be
replaced, or at least effectively complemented, by methods
that aim for long-term improvement in the quality of
eutrophic lakes. These would probably emphasize dimin-
ishing external nutrient loading through effective catchment
management.

Material and Methods
The Delphi study

Futures research provides an array of participatory methods
suitable for anticipating the alternative futures of complex
issues, by making the participants deliberate on the future of
the topic (e.g., Bell 1997). The Delphi technique is a futures
research method that employs expert knowledge in multiple
rounds to synthesize the current knowledge and shed light
on future pathways of a variety of issues (Linstone and
Turoff 1975; Rowe and Wright 1999). The Delphi method is
useful especially when dealing with issues that are expected
to change in the future and where there are multiple options
for future developments that depend on actor’s decisions
(Gordon 2012). Originally the Delphi method aimed at
consensus forecast, but has evolved to multiple applications
that usually aim at opening up the sphere of possible futures
(Preble 1983; Tapio 2003; Steinert 2009; de Log et al. 2016).
The use of experts is based on the fact that experts have deep
knowledge on the issue and insights as to what could shape
the issue’s future and thus, they are able to produce better
argued and more rational future estimates than laypeople
(Varho and Huutoniemi 2014). The Delphi process is
anonymous in order to prevent disadvantageous group
behavior, such as dominant characters suppressing the ideas
of less dominant participants. The purpose is to create cir-
cumstances where mutual learning is possible through
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multiple rounds and a revision of opinions based on the
given feedback (Van Dijk 1990). Usually Delphi studies
employ an expert panel constituting of a few dozen experts
(Gordon 2012; de Log et al. 2016), but in this study, a larger
panel employing several hundred experts was aspired in
order to avoid a biased overview on the popularity of the
oxygen-phosphorus paradigm. Therefore, the first Delphi
round of this study was conducted at two international, large,
scientific freshwater conferences gathering the top experts of
the topic and a national, Finnish freshwater symposium, all
arranged in close sequence at the time of the project.

Selection of the expert panel

Delphi studies do not usually aim for a statistically repre-
sentative sample, but rather for a good coverage of views.
As the panel in this study was constituted more randomly
than the usual hand-picked expert panels, we will explain
the statistical representativeness of the sample here. The
population of the study included the attendees of each
conference. However, the results may also more widely
represent the views of freshwater researchers, as there are
only limited number of researchers in the discipline and the
chosen conferences are among the most visited and
acknowledged in the field—SIL (International Society of
Limnology) Congress globally, SEFS (Symposium for
European Freshwater Sciences) in Europe, and the Lim-
nology Symposium (LS) in the national Finnish context.
The Finnish conference was added in the sample as the
research project had a special interest in situation in Finland
and it enabled comparison between the views of Finnish and
international experts.

At the SEFS and SIL, cluster sampling was used, as a
plenary session was chosen for recruiting the expert panel.
All the attendees of the conferences had a chance to end up
in the sample, although the topics of the plenary sessions
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may have affected the constitution of the sample.
The Delphi study was presented orally at the end of the
keynote lectures and the questionnaires were handed out to
those present. The plenary sessions were chosen based on
matching topics, early placement in conference schedule
(larger audience) and preferences of the organizers of
the conferences. At the LS, the sample of the study was
the whole population, as all the conference guests were
given the questionnaire at the reception. The study was
presented orally also at LS after the plenary lecture. The
numbers and percentages of the responses are presented in
Table 1.

Many respondents spontaneously noted that despite the
questionnaire being short, answering the questions required
time and effort. This might have increased the loss percent
since there was no specific time dedicated to filling in the
questionnaire and the timetables of the conferences were
rather tight. Some conference attendees also reported that
they did not want to answer the questionnaire since they did
not consider themselves as experts of lake restoration.
Instead, their area of expertize was, for example, rivers.
Also, it is probable that the conference attendees who
considered the subject interesting were more likely to return
the questionnaire. As a result, the expert panel is likely to
include more lake restoration experts than the whole
population and, subsequently, individuals more interested in
the topic than the population on average. Following the
principles of Delphi studies, this increases the usefulness of
the responses, as they are based on more in-depth
expert knowledge. It should be noted that the present
study is not a standardized opinion survey, but a method to
make experts ponder on the topic and learn from each
other’s answers.

The international conferences were the SEFS 8 2013
Symposium for European Freshwater Sciences on July 1-5,
2013 in Miinster, Germany, organized by the European
Federation for Freshwater Sciences, and the SIL XXXII
Congress on August 4-9, 2013 in Budapest, Hungary,
organized by the International Society of Limnology (SIL). A
national, scientific freshwater conference, The Limnology
Symposium on April 10-11, 2013 in Helsinki, Finland
is organized by The Finnish Limnological Society (SLY).
The LS is arranged every 3rd year and gathers together
Finnish professional limnologists, working as researchers and
in other lake related professions. The theme of the sympo-
sium was: “Are the lake research and management methods
up to date?”. The questionnaire at the LS was in Finnish,
while at the other conferences, the language was English.

At SIL, the Delphi study was presented after the first
plenary lecture after the opening ceremony, given by Robert
J. Naiman and titled “Socio-ecological complexity and the
restoration of river ecosystems”. At SEFS, the study was
presented on the 2nd day of the conference after two

Table 2 The characteristics of the respondents of the first round
questionnaire: gender, education, age, and employer of the respondents
in each conference

LS SEFS SIL Total

Gender Male Number 20 42 47 109
Percent 44% 61% 60% 57%
Female Number 25 25 29 79

Per cent 56% 36% 37% 41%
Number 0 2 3 5
Per cent 0% 3% 4% 3%
Number 1 1 0 2
Per cent 2% 1% 0% 1%

Prefer not to say

Education Undergraduate

Bachelor Number 1 2 0 3
Per cent 2% 3% 0% 2%
M.Sc. or M.A. Number 26 13 18 57

Per cent 58% 19% 22% 29%

Licentiate or Number 17 53 63 133

Doctor
Percent 38% 77% 78% 68%
Age Under 30 Number 4 13 17 34
Percent 9% 19% 22% 18%
30-39 Number 16 22 19 57
Per cent 36% 32% 25% 30%
40-49 Number 16 14 12 42
Per cent 36% 21% 16% 22%
50-59 Number 6 12 13 31

Percent 14% 18% 17% 17%
Number 2 7 15 24
Percent 5% 10% 20% 13%
Number 12 41 54 107
Per cent 27% 60% 67% 55%
Number 16 21 19 56

60 and over

Employer University

State research
institute or bureau

Per cent 36% 31% 24% 29%

Private research Number 2 3 4 9

institute
Per cent 4% 4% 5% 5%

Municipality Number 4 1 1 6
Per cent 9% 2% 1% 3%
Business Number 6 0 1 7
Per cent 13% 0% 1% 4%
NGO Number 4 1 0 5
Per cent 9% 2% 0% 3%
Not working Number 1 1 2 4

Percent 2% 2% 3% 2%

plenaries, “The LIFE programme: more than 20 years
improving freshwater ecosystems” by Simona Bacchereti
and Carlos de la Paz, and “From species level indication to
functional group level” by Ellen van Donk.
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The first and the second Delphi round and
characteristics of the respondents

Based on the research objectives, the first-round ques-
tionnaire was co-designed by the interdisciplinary research
team consisting of limnologists and futures researchers..
The questionnaire was designed as a single 2-sided A4-
sheet with a concise introduction, five sets of questions and
an inquiry for background and contact information. The
background information is reported in Table 2. The
respondents from different conferences differ from each
other to some extent. In SEFS and SIL there was male
predominance, as in LS it was vice versa. The education of
the respondents was most often Licentiate or Doctor in
SEFS and SIL, while in LS the Master’s degree was the
most common background degree. The respondents of
SEFS and SIL were employed mostly in Universities,
whereas in LS the respondents were employed mainly in
other research institutes, and share of business, NGO and
municipality employees was higher than in SEFS and SIL.
These differences should be bore in mind when making
comparisons between the conferences. The working coun-
tries of the respondents varied; the most common was
Finland (55), as all of the respondents at the LS were
working in Finland. Other common working countries were
Germany (19 respondents), USA (9), Italy (8), UK (8),
Spain (8), Austria (7), Brazil (7), Canada (6), the Czech
Republic (6), Hungary (6), Poland (6), and Switzerland (6).
Other countries varied and totaled less than five respondents
each. Altogether, experts from 33 different nationalities
responded.

The first round questionnaire enquired about the experts’
views on a seven-point rating scale, seven-point Likert
scale, and as open-ended questions (Table 3.) Likert scale is
a symmetric rating scale commonly used in survey research
to measure level of agreement (Likert 1932). When
designed properly, it produces interval level data that can be
analyzed and tested statistically in various ways and con-
verted into sum variables.

The list of different lake management and restoration
methods in question 3. (see Table 3), was based on the
recommendations made by Finnish Environment Institute
(Viisdnen and Lakso 2005; Mattila 2005). Objectives for
the management and restoration of eutrophic lakes in
question 1. (see Table 3) was enquired to find out whether
there are differences in the experienced importance of
objectives between respondents from different conferences,
as well as to see what objectives the respondents are aiming
for while giving evaluations on the use of different man-
agement and restoration methods. The aim of the statements
of question 2. (see Table 3.) was to find out how strongly
the respondents believe in the major role of oxygen in the
internal P loading process and whether they believe that
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oxygenation / aeration is a valid method to restore eutrophic
lakes now and in the future. The aim of question 4. (see
Table 3) was to pursue ideas on how to accelerate socio-
technical transition as science evolves and new knowledge
is obtained. That is, to recognize bottlenecks for knowledge
diffusion and other obstacles preventing new scientific
knowledge to be obtained.

In the first questionnaire round, 146 out of the 200
respondents submitted their email addresses for the execu-
tion of the second Delphi round. Approximately a year after
the conferences, in the spring of 2014, the second Delphi
round was conducted. The survey was sent by e-mail to
those first-round respondents who had indicated their
interest by submitting their e-mail addresses, and 58
responses (40%) were received. The summaries and con-
clusions of the answers from the first survey round were
given next to the second-round questions, and the respon-
dents were asked to re-evaluate and comment on their
answers. The second-round respondents evaluated their
professional experience within the field of freshwaters
amounting to 20 years (Mean), and their level of expertize
in lake management being 3.6 Mean (Mo and Md 4) on a
five-point Likert scale (1 =No expertize, 3 = Moderate
expertize, 5 =High expertize). Two respondents, who
reported their level of expertize being 1 (No expertize) and
had less than 2 years of professional experience in the field,
were excluded from the analysis of the second Delphi round
responses.

The analyses of the material

The numerical responses to the questions were processed
using the SPSS 23 software and MS Excel. Emphasis was
given to descriptive statistics, cross-tabulations, as well as
Means, standard deviations, and Kruskal-Wallis tests
(Kruskal and Wallis 1952). A non-parametric, independent-
samples Kruskal-Wallis H test was applied in SPSS to
search for statistically significant differences between the
responses from the three conferences. The Kruskal-Wallis
test was used, because the preconditions for the use of a
one-way ANOVA were not met due to the heterogeneity of
variances. The qualitative answers were analyzed using
qualitative content analysis (Krippendorff 2004).

Results

Objectives for the Management of Eutrophic Lakes
According to the experts, Biodiversity conservation and
improving ecological status of a lake (according to EU

Water Framework Directive) were the most important
objectives for the management and restoration of eutrophic
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Fig. 1 Mean values and
standard deviations for the
question “There are different
objectives for management and
restoration of eutrophicated
lakes. How important are the
different objectives in your
personal opinion? Please rate the
importance on a scale 1-7 (1 =
Not important at all; 7 = Very
important)” (N = 190)

lakes (Fig. 1). Improving fishing opportunities and resi-
dential environment and other usefulness for humans were
considered less important objectives. The open question for
other objectives, not mentioned in the list, gained answers
only from 12 % of the respondents, of which one third
referred to drinking water and the others to a range of
issues.

The responses from the different conferences seemed to
be rather uniform, as most differences in responses were not
found to be statistically significant. Interesting exceptions to
this were the attitudes towards the objectives of Improving
recreational opportunities, Improving fishing opportunities
and Improving residential environment (Fig. 2). At the LS,
these objectives were considered as more important com-
pared to at SEFS and SIL, and the differences were found to
be statistically significant (p <0.001). In the case of the
variable Improving recreational opportunities, the difference
is also connected to the respondent’s organizational back-
ground. When comparing the Means using the Independent-
samples t-test, it was noted that the respondents employed in
universities (Mean 4.43, St. Dev. 1.49) considered improv-
ing recreational opportunities as a less important objective
for the management of lakes than the respondents employed
in other organizations (Mean 5.15, St. Dev. 1.43). This
difference was found to be statistically significant, as #(188)
= —3.358, p=0.001, 2-tailed. As for the other questions,
there were no statistically significant differences found in
relation to the respondent’s employer. None of the variables
showed statistically significant differences in relation to the
level of education. A significant (p <0.03) difference was
found in the variable Biodiversity conservation between
female (Mean 6.45) and male (Mean 5.93) respondents.

The Strength of the Oxygen-phosphorus Paradigm Now
and in the Future

We measured the strength of the paradigm based on the
responses of the first Delphi round. Several statements
concerning the paradigm were computed to form two gen-
eral sum variables: (1) Effectiveness of aeration, and (2)
Role of oxygen. Cronbach’s alpha was calculated to
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Biodiversity conservation (St.Dev. 1,32)
Improving ecological status (WFD) (St. Dev. 1,35) [ 5.83
Landscape conservation (St. Dev 1,41) [ 5.01

Improving recreation opprtunities (St. Dev. 1,51) | 4.76
Improving residential environment (St. Dev. 1,55) [ 4.34

Improving fishing opportunities (St. Dev. 1,52) [ 4.15

6.11 N

evaluate the reliability of the sum variables and, conse-
quently, one variable was excluded from both of the sum
variables in order to improve the Alpha. The resulting sum
variable Role of oxygen constituted of three variables, with
Cronbach’s alpha 0.642 (considered acceptable). The
Effectiveness of aeration constituted of five variables, with
Cronbach’s alpha 0.667 (considered acceptable). The sum
variables are presented in Fig. 3.

The respondents seemed to trust that in general, oxygen
has quite a remarkable role in regulating internal P loading
and there were no significant differences between the
responses from the different conferences. The effectiveness
of oxygenation/ aeration as a restoration method of
eutrophic lakes was considered mediocre, responses dif-
fering slightly between conferences. The difference between
the responses from the LS and SEFS was statistically sig-
nificant, as the respondents at SEFS trusted the effective-
ness of aeration more (Adj. Sig 0.019).

The answers on the second Delphi round remained
mostly parallel to the first round. The Means of the
responses moved slightly further away from the middle
(toward either disagree or agree), thus, being a little more
extreme than on the first round. The Standard Deviations
decreased in most questions, indicating increasing con-
sensus, but in one fourth of the statements, Standard
Deviation of answers increased. The relative distribution of
responses to each statement (in question 2, Table 3) on the
second round is presented in Fig. 4.

Figure 5 displays the probable and preferable future
prospects up to 2030 of seven key restoration methods and
three strategies to reduce external loading in the order of
their desirability. The panel essentially agreed on the need
to concentrate on decreasing external loading, and believed
that it will become more common in the future. The least
desirable methods, according to the panel, were dredging,
the removal of macrophytes, and the chemical inactivation
of phosphorus, although the use of all of these was con-
sidered to increase up to 2030. Biomanipulation was con-
sidered the most preferable in-lake restoration method.
Aeration was anticipated to increase slightly, also in the
preferred future. A closer look at the views on the probable
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Improving recreational opportunities
45%
40%
35%
30%

25%
20%
15%
10%
1.1 I
0% R 4 5 6 7

u LS (N=45) 0% 0% 2% 7% = 29% @ 36% @ 27%

SEFS (N=70) 1% 0% 1% 30% 19% 16%  13%

u SIL (N=83) 2%  10%  14% @ 25% @ 23% @ 18% 7%
mLS (N=45) =SEFS (N=70) mSIL(N=83)

Improving fishing opportunities
45%
40%
35%
30%
25%

20%
15%
10%
= a0 I
0% =
° 1 2 3 4 5 5 7

mLS (N=45) 2% 0% 7% 9%  29% @ 36% @ 27%

SEFS (N=75) 7% 14%  19% 31% 19%  16%  13%

= SIL (N=83) 4% 17%  17%  30% 23% 18% 7%
mLS (N=45) =SEFS (N=75) mSIL(N=83)

Improving residential environment
45%

40%
35%
30%
25%

20%
15%
10% I I
o hi | I
1 2 3 4 5 6

7

uLS (N=45) 0% 2% 9% 9% 42% 33% 4%
SEFS (N=69) 6% 12% 6% 28% 25% 19% 6%
u SIL (N=81) 10% 11% 1% 35% 22% 5% 6%

m| S (N=45) SEFS (N=69) mSIL (N=81)

Fig. 2 Distribution of responses to the objectives Improving recrea-
tional opportunities, Improving fishing opportunities, and Improving
residential environment, on a scale of 1-7 (1 = Not important; 7 =
Very important). For these variables, the independent-samples
Kruskal-Wallis test showed a statistically significant (p < 0.001) dif-
ference in distributions between the LS and the other two conferences

and the preferred future of aeration reveals that the experts
seem to be pondering about the issue without a clear stance
(Fig. 6). The respondents anticipated that the number of all
lake restorations will increase by the year 2030 (Fig. 4).
Efforts to reduce external loading is believed to increase
considerably as well, but the quality of lakes is not believed
to be better in 2030 than today, according to second round
responses (Figs. 4 and 5).

Several second round comments on the questions pointed
out that lakes are so different that the role of oxygen in lakes

60 %
50 %

40 %

20 %
Ba I In i n »
1 2 3 4 5 6 7

= Effectiveness of aeration - LS Effectiveness of aeration - SEFS

u Effectiveness of aeration - SIL  mRole of oxygen - whole panel

Fig. 3 The trust in the effectiveness of oxygenation / aeration as a
management method of eutrophic lakes in different conferences (the
sum variable of five variables, N =175) and the trust in the role of
oxygen concentration on the internal P loading (the sum variable of
three variables, N = 188). Scale 1-7 (1 = small; 7 = great)

cannot be generalized. In some lakes oxygen is the primary
regulator of P release from the sediment, but in other lakes
for example fish or other factors are more significant, the
respondents stated. It was also stated that oxygenation is
suitable only in some occasions and in some lakes, while in
others it may have harmful effects, e.g., warming of
hypolimnion. The role of catchment and external loading
was emphasized and some stated that without actions at the
catchment area, the lake restoration efforts are often useless.
It was believed that oxygenation or aeration is favored
because something has to be done, but that the process acts
as a first aid and will not affect the quality of water after it is
stopped. According to some of the comments, the lake
restoration projects are usually conducted without proper
planning and knowledge and thus they fail to reach the
targets.

To enhance new scientific knowledge to have an effect
on water management practices (question 4, Table 3), a
great majority of the responses stressed the importance of
better interaction and communication between scientists and
other stakeholders, including administrators, authorities,
companies, citizens, and restoration managers. Use of
media and producing articles for lay people in their own
language was proposed, as well as seminars and other
communication platforms. Also increasing research fund-
ing, having more long-term monitoring of freshwaters and
the effects of restoration projects, doing more applied
research and better planning of the restorations were often
proposed. Also high quality education and political will
were called for.

Discussion

Will the oxygen-phosphorus paradigm persist? Based on
this research, the answer seems to be yes, at least in the
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Fig. 4 Percent distribution of
second round responses to
statements concerning the role
of oxygen in the lake
ecosystems, oxygenation/
aeration as a restoration method
and lake restorations in general
on a scale —3...4+3 (-3 =
completely disagree; 0 = Neither
disagree or agree; + 3 =
completely agree) N =56

E-3u-2m-1m0"1m2m3

1. Oxygen concentration at the water-sediment interface ‘ — -
regulates internal P loading } ‘ ‘ ‘ ‘ ‘
2. Oxygen concentration at the water-sediment interface is the h I 7‘_
primary regulator of internal P loading of a lake | ‘ ‘ ‘ ‘ ‘ ‘
3. In addition to oxygen depletion, also other factors induce i
internal P loading F ‘ _ ‘ 7‘7‘7‘—‘-
4. Currently common view that oxygen concentration regulates ’ - _
internal P loading, will alter in the future f ‘ ! ‘ ‘ ‘ ‘ ‘
| L
5. Oxygenation/ aeration reduces internal P loading of a lake F @ @00 | —
6. Oxygenation/ aeration is an effective management method of h ‘_‘ ‘ ‘ 7‘7‘—.
eutrophicated lakes f ‘ ‘ ‘ ‘ ‘ ‘
< s : |
7. Oxygenation/ aeration improves status of a lake in the long- - — !
o L R—————
8. Oxygenation/ aeration causes harmful side-effects to the lake i — -
ecosystem | ‘ ‘ ‘ ‘ ‘ ‘
. . L |
9. Currently common view that oxygenation/ aeration is an
effective restoration method, will alter in the future F ‘_
|

10. Overall, lake restoration efforts have improved the status of
the lakes permanently

11. Lake restoration efforts generally reach the set targets

12. The choice of lake restoration methods is based on
scientific knowledge on the effects of methods

13. Scientific knowledge on the effects of restoration methods is

adequate

14. The status of lakes will be better in 2030 than today

15. Lakes are being restored more in 2030 than today

| _
Reducing external nutrient discharges pu——
from diffuse sources e.g. buffer zones
—_—

\
Reducing external nutrient discharges [ .

from point sources

\
Reducing external nutrient loads outside —_—

the discharge area

Biomanipulation |
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Removal of macrophytes |
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Fig. 5 Estimates of the probable and preferred futures of seven lake
restoration methods and three strategies to reduce external loading —
Mean values with standard deviation bars (Values above 4 indicate
estimates of increase in the use of the method, values below 4 indicate
a decrease. Maximum value 7, minimum value 1) N = 145

near-term future. There are no strong signs of a paradigm

shift and the expert panel’s belief in the major role of
oxygen concentration in regulating internal P loading of a
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Fig. 6 Frequency of answers regarding the probable and the preferred
future of oxygenation / aeration. (—3 = strong decrease in the use of
the method, 0 = No change, + 3 = Strong increase in the use of the
method)

lake seems to be rather uniform. On the contrary, it appears
that the trust in oxygenation as a restoration method of
eutrophic lakes is weakening, even though no decline in
oxygenations was anticipated, instead, the use of oxyge-
nation was believed to increase slightly. However, it seems
that trust in the general applicability of oxygenation /
aeration in lakes is not very strong. The panel found that it
is not effective in the long-term, there are harmful side
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effects related (e.g. warming of the hypolimnion) and that it
cannot be used as a routine practice for eutrophic lakes.

The panel stated that there are no general methods for
lake restorations, but instead the methods and their appli-
cation have to be evaluated case specifically. This presents a
challenge to restoration projects, as the adequate knowledge
and expertize to evaluate the precise conditions of the lake
in question, and the ability to choose and apply the appro-
priate restoration and management methods is highlighted.
The needed expertize or long-term follow-up information is
not necessarily present in each restoration project, as the
projects are often led by lay citizens or advisory groups with
varying knowledge and interests. This brings about also
advantages, as the local commitment and acceptability
increases, but carries a risk of erroneous actions that might
counteract the targets, if scientific knowledge on suitable
restoration and management methods is not adequately
heard.

The issue is further complicated taken into account that,
according to the expert panel, the most important objective
for restoration should be the conservation of biodiversity,
while the lake users, managers, and funders are likely to
have other objectives for restorations, for example recrea-
tional use, fishing opportunities, and landscape conserva-
tion. In this study, the respondents employed in universities
considered recreational opportunities as a less important
objective for restorations than the other respondents. A clear
difference in objectives was also found between the
respondents of the Finnish conference, and the other two
conferences. The respondents of the Finnish conference
valued recreation, fishing opportunities, and residential
environments more than other respondents. In a country
with approximately 188,000 lakes and a low population
density, people, even experts, may have a more practical
relationship with lakes. The Finnish respondents also trus-
ted the efficacy of oxygenation less than the respondents
from the European conference (SEFS), which might be
related to the fact that in Finland, the lakes are relatively
shallow.

Different targets will often require different methods and
different kind of indicators for success. In addition, there are
also other motives and restrictions involved in the restora-
tion projects, including monetary resources, ownership of
the water areas, and expected time frames for the outcomes
of the restoration projects, which may override the experts’
recommendations. Often, there is a need to reduce the
external loading of nutrients in order to prevent further
degrading of the water, but the stakeholders want visible
results in the short-term, which leads to application of short-
term measures that might even counteract the long-term
improvements (Carpenter et al. 2001). It has been noted that
conflicting targets in environmental management can result
in a paralyzed situation, in which decisions on the needed

actions will not be made, as the long- and short-term targets
for management do not fit together (Hukkinen 1993).

These contradictions will probably become more com-
mon when more responsibility over water restoration is
given to the citizens. The principle is presented in the EU
Water Framework Directive (Directive 2000/60/EC) and in
Finland’s water policy as well. In Finland, the regional
water resource management plans officially state that as
state funding for water restorations will decrease, more
effort will be expected from other actors (Valtioneuvoston
et al. 2015). It will be challenging to reach a common
understanding on what measures to take to meet the water
quality targets, as a variety of different actors are involved
and, simultaneously, very sophisticated expert knowledge is
required. These challenges are related to many wicked
problems of our time, and there are no easy solutions.

A dialog between stakeholders and scientists, as well as
acknowledging the differing and conflicting values behind
the different management strategies have been proposed in
order to alleviate these problems (Ludwig 2001). Also in
this study it was distinctively proposed that better interac-
tion and communication between scientists and other sta-
keholders would help. Common forums, better
communication between interest groups, popular articles,
involving scientists in the restoration projects, presenting
success stories, and increased collaboration were suggested
for the promotion of the interaction and impact of scientific
findings. This requires effort from scientists, but would
probably be a good strategy for the future of lake man-
agement and other environmental management issues as
well. The key question to be answered is then, how to
persuade scientists to take part in the dialog, when it is not
usually rewarded in the academia. Possibly, this could be
changing in coming years, as the impact outside academia
has become among the assessment criteria in some funding
instruments.

As lakes are resilient and the effects of the restoration
activities are somewhat unclear, there are no easy and
effective means to alleviate eutrophication (Carpenter and
Cottingham 1997; Sgndergaard et al. 2007). Instead, often a
combination of different management practices is con-
sidered the best strategy to improve water quality (e.g.,
Sollie et al. 2008; Papastergiadou et al. 2010). However, as
concluded here, the oxygen is quite strongly believed to
regulate the internal P loading of a lake and consequently
attempts to affect oxygen concentration will probably per-
sist until fundamentally different paradigm takes over. It
could be ‘sustainable restoration’ entailing catchment care
and ecosystem resilience instead of ‘reactive management’,
as proposed by Carpenter and Cottingham (1997). It would
emphasize long-term restoration with system drivers at the
focus, which would mean an end to using solely short-term
restoration methods that may delay reaching the long-term
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targets. This kind of thinking was also supported by the
expert panel, as decreasing the external nutrient loading was
highly favored over other restoration methods, both in the
probable and the preferable futures. However, the mismatch
of agricultural, forestry and land-use practices with catch-
ment management prevents effective water management,
and focuses the attention to less effective in-lake methods
and local activities. Full employment of catchment man-
agement is dependent on national and international (e.g.,
EU) level agreements and policies, and therefore requires
much more than co-operation between local actors and
scientific community. To promote wider scale ‘sustainable
restoration’, the scientific communication should be exten-
ded to cover national and international agricultural, forestry
and land-use policies. Also, the ecosystem resilience should
be considered as one of the specific objectives of the
restoration projects, as then the potential shifts between
alternative states and unintended side-effects would be
better acknowledged (Brown and Williams 2015).

Even though the current oxygen-phosphorus paradigm
seems persistent for now, there were some signs of perceived
problems with it. The low levels of trust in the adequacy of
the scientific knowledge on the effects of restoration meth-
ods and in the use of the scientific knowledge as a basis of
choice of restoration methods could be signs of a forth-
coming crisis that could shake the prevailing paradigm. The
common view that the number of oxygenations will stay
around current levels or increase only slightly, while the
total number of restorations is anticipated to grow, also
indicates that the role of oxygenation could be diminishing.
To accelerate the transition towards an outlook that
emphasizes catchment management at the expense of short-
term reactive measures, such as oxygenation, activities of
transition management could be utilized. This would com-
prehend long-term visioning as a basis for short-term actions
and well-monitored small-scale experimenting and partici-
patory activities as suggested by Loorbach (2010).

Despite of the difficulties in reaching the targets of the
restorations, the expert panel anticipated the future of lake
restorations to be quite good. According to the panel, the
number of lake restorations will increase and external
loading will be reduced by the year 2030. No fundamental
changes or new groundbreaking methods are seen in the
horizon nor did it seem any specific fears for the future
emerge from the data. Taking into account the effects of
climate change on waters and needed adaptation measures
(Jeppesen et al. 2009; Whitehead et al. 2009), the panel
seemed quite optimistic about the future. For this future to
realize, it is essential to seriously invest in reductions of
external loading by effective catchment management, sup-
ported by carefully selected in-lake restoration methods that
promote the long-term nutrient reducing targets and resi-
lience of the ecosystems.

@ Springer

Acknowledgements The authors want to thank Prof. Tim O’Riordan
for insightful comments, the Academy of Finland for the funding
(project AQUADIGM, nos. 263464 and 263305), Hazel Salminen for
assisting the research, and the 200 lake experts who answered the
survey.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no compet-
ing interests.

References

Barber B (1961) Resistance by scientists to scientific discovery. Sci-
ence 134(3479):596-602

Bell W (1997) Foundations of Futures Studies: Human Science for a
New Era. Volume I: History, Purposes, and Knowledge. Trans-
action Publishers, New Brunswick (USA) and London (UK)

Bennion H, Battarbee RW, Sayer CD, Simpson GL, Davidson TA
(2011) Defining reference conditions and restoration targets for
lake ecosystems using palacolimnology: a synthesis. J Paleo-
limnol 45(4):533-544. doi:10.1007/s10933-010-9419-3

Beutel MW, Horne AJ (1999) A Review of the effects of hypolimnetic
oxygenation on lake and reservoir water quality. Lake Reserv
Manage 15(4):285-297

Beutel M, Hannoun I, Pasek J, Bowman Kavanagh K (2007) Eva-
luation of hypolimnetic oxygen demand in a large eutrophic raw
water reservoir, San Vicente Reservoir, Calif. J Environ Eng
133:130-138

Bostrom B, Jansson M, Forsberg C (1982) Phosphorus release from
lake sediments. Archiv fiir Hydrobiologie Beiheft Ergebnisse der
Limnologie 18:5-59

Bostrom B, Andersen JM, Fleischer S, Jansson M (1988) Exchange of
phosphorus across the sediment-water interface. Hydrobiologia
170:299-244

Brown ED, Williams BK (2015) Resilience and Resource Manage-
ment. Environ Manage 56(6):1416-1427. doi:10.1007/s00267-
015-0582-1

Cai W-J, Sayles FL (1996) Oxygen penetration depths and fluxes in
marine sediments. Mar Chem 52:123-131

Carpenter S, Cottingham K (1997) Resilience and restoration of lakes.
Ecol Soc 1(1):2

Carpenter S, Walker B, Anderies JM, Abel N (2001) From metaphor
to measurement: resilience of what to what? Ecosystems 4
(8):765-781

Cooke GD, Welch EB, Peterson SA, Nichols SA (2005) Restoration
and management of lakes and reservoirs. Boca Raton, 3rd edn.
Taylor & Francis, London

de Loé& RC, Melnychuk N, Murray D, Plummer R (2016) Advancing
the state of policy delphi practice: a systematic review evaluating
methodological evolution, innovation, and opportunities. Technol
Forecast Soc Change 104:78-88

Directive 2000/60/EC of the European Parliament and of the Council
of 23 October 2000 Establishing a Framework for Community
Action in the Field of Water Policy. http://eur-lex.europa.eu/lega
l-content/En/TXT/?uri=CELEX:32000L0060. Accessed 1 Mar
2017

Dosi G (1982) Technological paradigms and technological trajectories.
Res Policy 11(3):147-162. doi:10.1016/0048-7333(82)90016-6

Doke JL, Funk WH, Juul STJ, Moore BC (1995) Habitat availability
and benthic invertebrate population changes following alum
treatment and hypolimnetic oxygenation in Newman Lake,
Washington. J Freshw Ecol 10:87-102


http://dx.doi.org/10.1007/s10933-010-9419-3
http://dx.doi.org/10.1007/s00267-015-0582-1
http://dx.doi.org/10.1007/s00267-015-0582-1
http://eur-lex.europa.eu/legal-content/En/TXT/?uri=CELEX:32000L0060
http://eur-lex.europa.eu/legal-content/En/TXT/?uri=CELEX:32000L0060
http://dx.doi.org/10.1016/0048-7333(82)90016-6

Environmental Management (2017) 60:947-960

959

Einsele W (1936) Uber Die Bezichung Des Eisens, Des pH Und Der
Faulnisvorginge Fiir Den Kreislauf Des Phosphats. Fischer-
eizeitung 39:1-8

Gantzer PA, Bryant LD, Little JC (2009) Effect of hypolimnetic
oxygenation on oxygen depletion rates in two water-supply
reservoirs. Water Res 43:1700-1710

Geels FW, Schot J (2010) The dynamics of transitions: a socio-
technical perspective. In: Grin J, Rotmans J, Schot J (ed) Tran-
sitions to Sustainable Development: New Directions in the Study
of Long Term Transformative Change. Routledge, Taylor &
Francis, New York, NY, pp 11-105

Geels FW (2004) From sectoral systems of innovation to socio-
technical'systems: insights about dynamics and change
from sociology and institutional theory. Res Policy 33(6-7):
897-920

Glenn JC, Florescu E (eds) (2015) 2015-2016 State of the Future. The
Millennium Project, USA

Gordon, TJ (2012) The delphi method. In: Glenn JC, Gordon TJ (eds)
Futures Research Methodology-V 3.0. The Millenium Project.
http://www.millennium-project.org/millennium/RTD-method.
pdf. Accessed 8 Aug 2017

Gichter R, Wehrli B (1998) Ten years of artificial mixing and oxy-
genation: no effect on the internal phosphorus loading of two
eutrophic lakes. Environ Sci Technol 32(23):3659-3665

Holmroos H, Horppila J, Laakso S, Niemisto J, Hietanen S (2016)
Aeration-induced changes in temperature and nitrogen dynamics
in a dimictic lake. J Environ Qual 45:1359-1366

Holmroos H, Niemisto J, Weckstrom K, Horppila J (2009) Seasonal
Variation of Resuspension-Mediated Aerobic Release of Phos-
phorus. Boreal Environ Res 14:937-946

Horppila J, Holmroos HJ, Niemisto J, Massa I, Nygren N, Schonach P,
Tapio P, Tammeorg O (2017) Variations of internal phosphorus
loading and water quality in a hypertrophic lake during 40 years
of different management efforts. Ecol Eng 103:264-274

Horppila J, Kongis P, Niemisto J, Hietanen S (2015) Oxygen flux and
penetration depth in the sediments of aerated and non-aerated
lake basins. Int Rev Hydrobiol 100(3-4):106-115

Hukkinen J (1993) Bayesian analysis of agricultural drainage problems
in California’s San Joaquin valley. J Environ Manage 37
(3):183-200. doi:10.1006/jema.1993.1015

Hupfer M, Lewandowski J (2008) Oxygen controls the phosphorus
release from lake sediments? a long-lasting paradigm in limnol-
ogy. Int Rev Hydrobiol 93(4-5):415-432

Jeppesen E, Kronvang B, Meerhoff M, Sgndergaard M, Hansen KM,
Andersen HE, Lauridsen TL, Liboriussen L, Beklioglu M, Ozen
A (2009) Climate change effects on runoff, catchment hosphorus
loading and lake ecological state, and potential adaptations. J
Environ Qual 38(5):1930-1941

Jeppesen E, Kristensen P, Jensen JP, Sgndergaard M, Mortensen M,
Lauridsen TL (1991) Recovery Resilience following a reduction
in external phosphorus loading of shallow, eutrophic danish
lakes: duration, regulating factors and methods for overcoming
resilience. Memorie Dell’Istituto Italiano Di Idrobiologia Dott.
Marco De Marchi 48:127-148

Krippendorff K (2004) Content Analysis: An Introduction to its
Methodology, 2nd edn. Sage, Thousand Oaks, CA

Kruskal WH, Wallis WA (1952) Use of ranks in one-criterion variance
analysis. J Am Stat Assoc 47(260):583-621

Kuha JK, Paloméki AH, Keskinen JT, Karjalainen JS (2016) Negli-
gible effect of hypolimnetic oxygenation on the trophic state of
lake Jyvisjdrvi, Finland. Limnologica-Ecol Manage Inland
Waters 58:1-6

Kuhn T (1962) The Structure of Scientific Revolutions. University of
Chicago Press, Chicago

Liboriussen L, Sgndergaard M, Jeppesen E, Thorsgaard I, Griinfeld S,
Jakobsen TS, Hansen K (2009) Effects of hypolimnetic

oxygenation on water quality: results from Five Danish Lakes.
Hydrobiologia 625(1):157-172

Linstone HA, Turoff M (eds) (1975) The delphi method. Techniques
and Applications. Addison-Wesley Publishing Company, Don
Mills

Likert R (1932) A technique for the measurement of attitudes.
Archives Psychol 140:1-55

Loorbach D (2010) Transition management for sustainable develop-
ment: a prescriptive, complexity-based governance framework.
Governance 23(1):161-183

Ludwig D (2001) The era of management is over. Ecosystems 4
(8):758-764

Masini E (1993) Why Futures Studies? Grey Seal, London

Mattila H (2005) Ulkoisen kuormituksen vihentdminen [diminishing
external loading]. In: Ulvi T, Lakso E (eds) Jdrvien Kunnostus
[Restoration of Lakes]. Edita Prima Oy, Helsinki, pp 137-150

Mayer AL, Rietkerk M (2004) The dynamic regime concept for eco-
system management and restoration. BioScience 54(11):
1013-1020

Moosmann L, Gichter R, Miiller B, Wiiest A (2006) Is phosphorus
retention in autochthonous lake sediments controlled by oxygen
OR phosphorus? Limnol Oceanogr 31(1, part 2):763-771

Mortimer CH (1941) The exchange of dissolved substances between
mud and water in lakes 1. J Ecol 29(2):280-329

Mortimer CH (1942) The exchange of dissolved substances between
mud and water in lakes II. J Ecol 30(1):147-201

Miiller R, Stadelmann P (2004) Fish habitat requirements as the basis
for rehabilitation of eutrophic lakes by oxygenation. Fish Manag
Ecol 11:251-260

Nielsen LP, Christensen PB, Revsbech NP, Sgrensen J (1990) Deni-
trification and oxygen respiration in biofilms studied with a
microsensor for nitrous oxide and oxygen. Microb Ecol 19:63-72

Niemist6 J, Kongds P, Hiarkonen L, Horppila J (2016) Hypolimntetic
aeration intensifies phosphorus recycling and increases organic
material sedimentation in a stratifying lake: effects through
increased temperature and turbulence. Boreal Environ Res
21:571-587

Papastergiadou E, Kagalou I, Stefanidis K, Retalis A, Leonardos I
(2010) Effects of anthropogenic influences on the trophic state,
land uses and aquatic vegetation in a shallow mediterranean lake:
implications for restoration. Water Res Manage (2010) 24:415.
doi:10.1007/s11269-009-9453-y

Paine RT (2002) Advances in ecological understanding: by kuhnian
revolution or conceptual evolution? Ecology 83(6):1553-1559

Petticrew EL, Arocena JM (2001) Evaluation of iron-phosphate as a
source of internal phosphorus loadings. Sci Total Environ
266:87-93

Postel SL (2000) Entering an era of water scarcity: the challenges
ahead. Ecol Appl 10(4):941-948

Preble JF (1983) Public sector use of the delphi technique. Technol
Forecast Soc Change 23(1):75-88. doi:10.1016/0040-1625(83)
90072-0

Regnell O, Tunlid A (1991) Laboratory study of chemical speciation
of mercury in lake sediment and water under aerobic and anae-
robic conditions. Appl Environ Microbiol 57:789-795

Rittel HWJ, Webber MM (1973) Dilemmas in a general theory of
planning. Policy Sci 4(2):155-169

Rockstrom J, Steffen W, Noone K, Persson A, Chapin FS, Lambin E,
Lenton TM, Scheffer M, Folke C, Schellnhuber HJ et al. (2009)
Planetary boundaries: exploring the safe operating space for
humanity. Ecol Soc 14(2):32

Rotmans J, Kemp R, van Asselt M (2001) More evolution than
revolution: transition management in public policy. Foresight 3
(1):15-31

Rowe G, Wright G (1999) The delphi technique as a forecasting tool:
issues and analysis. Int J Forecast 15(4):353-375

@ Springer


http://www.millennium-project.org/millennium/RTD-method.pdf
http://www.millennium-project.org/millennium/RTD-method.pdf
http://dx.doi.org/10.1006/jema.1993.1015
http://dx.doi.org/10.1007/s11269-009-9453-y
http://dx.doi.org/10.1016/0040-1625(83)90072-0
http://dx.doi.org/10.1016/0040-1625(83)90072-0

960

Environmental Management (2017) 60:947-960

Salmi P (2015) Effects of Mechanical Mixing on Lake Water Quality,
with Special Emphasis on Under-Ice Phytoplankton. Jyviskyld
Studies in Biological and Environmental Science. Doctoral Dis-
sertation, University of Jyviskyld, Jyviskyla

Schindler DW (2006) Recent advances in the understanding and
management of eutrophication. Limnol Oceanogr 51(1):356-363

Schindler DW (2012) The dilemma of controlling cultural eutrophi-
cation of lakes. Proc R Soc B Biol Sci 279(1746):4322-4333

Schonach P, Tapio P, Holmroos H, Horppila J, Niemisté J, Nygrén
NA, Tammeorg O & Massa I (2017) Persistency of artificial
aeration at hypertrophic lake tuusulanjdrvi: a sociohistorical
analysis. Ambio, in press. doi:10.1007/s13280-017-0926-6

Shaw TJ, Gieskes JM, Jahnke RA (1990) Early diagenesis in differing
depositional environments: The response of transition metals in
porewater. Geochim Cosmochim Acta 54:1233-1246

Singleton V, Little JC (2006) Designing hypolimnetic aeration and
oxygenation systems-a review. Environ Sci Technol 40
(24):7512-7520

Smith VH, Schindler DW (2009) Eutrophication science: where do we
go from here? Trends Ecol Evol 24:201-207

Sollie S, Janse JH, Mooij WM, Coops H, Verhoeven JTA (2008) The
contribution of marsh zones to water quality in Dutch shallow
lakes: a modeling study. Environ Manage 42(6):1002-1016.
doi:10.1007/500267-008-9121-7

Steinert M (2009) A dissensus based online delphi approach: an
explorative research tool. Technol Forecast Soc Change 76
(3):291-300

Stigebrandt A, Liljebladh B, de Brabandere L, Forth M, Granmo A,
Hall P, Hammar J, Hansson D, Kononets M, Magnusson M,
Norén F, Rahm L, Treusch AH, Viktorsson L (2015) An
experiment with forced oxygenation of the deepwater of the
anoxic By Fjord, Western Sweden. Ambio 44:42-54

Suding KN, Gross KL, Houseman GR (2004) Alternative states and
positive feedbacks in restoration ecology. Trends Ecol Evol 19
(1):46-53

Sgndergaard M, Jensen JP, Jeppesen E (2003) Role of sediment and
internal loading of phosphorus in shallow Lakes. Hydrobiologia
506(1):135-145

Se¢ndergaard M, Jeppesen E, Jensen JP, Lauridsen TL (2000) Lake
restoration in Denmark. Lakes Reserv 5(3):151-159

S¢ndergaard M, Jeppesen E, Lauridsen TL, Skov C, Van Nes EH,
Roijackers R, Lammens E, Portielje R (2007) Lake restoration:

@ Springer

successes, failures and long-term effects. J Appl Ecol 44
(6):1095-1105

Tammeorg O, Mo6ls T, Niemist6 J, Holmroos H, Horppila J (2017) The
actual role of oxygen deficit in the linkage of the water quality
and benthic phosphorus release: potential implications for lake
restoration. Sci Total Environ 599-600:732-738

Tapio P (2003) Disaggregative Policy Delphi. using Cluster Analysis
as a Tool for Systematic Scenario Formation. Technol Forecast
Soc Change 70:83-101

Thornton JA, Harding WJ, Dent M, Hart RC, Lin H, Rast CL, Rast W,
Ryding S-O, Slawski TM (2013) Eutrophication as a ‘wicked’
Problem. Lakes Reserv 18(4):298-316

Valtioneuvoston Piitos Vuoksen, Kymijoen-Suomenlahden, Koke-
méenjoen-Saaristomeren-Selkdmeren, Oulujoen-lijoen, Kemi-
joen,  Tornionjoen  Sekd  Tenon-Néditimojoen-Paatsjoen
Vesienhoitoalueiden Vesienhoitosuunnitelmista Vuosiksi 2016-
2021 (2015). Liite 1. Perustelumuistio. [Finnish Government’s
Resolution on Water Resource Management Plans for Years
2016-2021, Appendix 1.] http://www.ymparisto.fi/download/
noname/%7B9760BF4A-A789-4D26-8054-428B7F9FBD56%
7D/114339. Accessed 1 Mar 2017

Van Dijk JAGM (1990) Delphi method as a learning instrument: bank
employees discussing an automation project. Technol Forecast
Soc Change 37(4):399-407

Varho V, Huutoniemi K (2014) Envisioning solutions: expert delib-
eration on environmental futures. In: Huutoniemi K, Tapio P
(eds) Transdisciplinary Sustainability Studies: A Heuristic
Approach. Routledge, Taylor & Fracis Group, London and New
York, NY, pp 140-157

Viisanen T, Lakso E (2005) Tavoitteiden asettelu ja kunnostusme-
netelmin valinta [Placing targets and choosing a restoration
method]. In: Ulvi T, Lakso E (eds) Jarvien Kunnostus [Restora-
tion of Lakes] Edita Prima Oy, Helsinki. 75-90

Walz N, Adrian R (2008) Is there a paradigm shift in limnology and
marine biology? Int Rev Hydrobiol 93(4-5):633-638

Whitehead PG, Wilby RL, Battarbee RW, Kernan M, Wade AJ (2009)
A review of the potential impacts of climate change on surface
water quality. Hydrol Sci J 54(1):101-123

Wilkins AS (1996) Are there ‘Kuhnian’ Revolutions in Biology?
BioEssays 18(9):695-696


http://dx.doi.org/10.1007/s13280-017-0926-6
http://dx.doi.org/10.1007/s00267-008-9121-7
http://www.ymparisto.fi/download/noname/%7B9760BF4A-A789-4D26-8054-428B7F9FBD56%7D/114339
http://www.ymparisto.fi/download/noname/%7B9760BF4A-A789-4D26-8054-428B7F9FBD56%7D/114339
http://www.ymparisto.fi/download/noname/%7B9760BF4A-A789-4D26-8054-428B7F9FBD56%7D/114339

	Will the Oxygen-Phosphorus Paradigm Persist? &#x02013; Expert Views of the Future of Management and Restoration of Eutrophic Lakes
	Abstract
	Introduction
	The &#x02018;Oxygen Paradigm&#x02019; in Lake Restoration
	The Possible Paradigm Shift

	Material and Methods
	The Delphi study
	Selection of the expert panel
	The first and the second Delphi round and characteristics of the respondents
	The analyses of the material

	Results
	Objectives for the Management of Eutrophic Lakes
	The Strength of the Oxygen-phosphorus Paradigm Now and in the Future

	Discussion
	ACKNOWLEDGMENTS
	References




