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Abstract: Lakes all around the globe are under severe pressure due to an increasing anthropogenic
impact from a growing population in a more developed world. Accordingly, today, many lakes are
highly eutrophic and suffer from severe blooms of often toxic cyanobacteria and may become even
more eutrophic in the future unless strong lake management actions are taken. Recent research has
further shown that global warming and subsequent changes in water use will further exacerbate
the eutrophication process in lakes. There is therefore a growing demand for lake restoration and
insight into sustainable lake management. The measures to be taken, however, depend on the
climate and other local conditions. This special issue addresses lake restoration and management
with special emphasis on the restoration of eutrophicated lakes within a climate change perspective.
The papers included collectively highlight that the ongoing climate change affects lake water quality
by (1) changes in external and internal nutrient loading; (2) higher frequency of extreme events
(such as hurricanes); (3) temperature-induced changes in biota, biotic interactions; and (4) water level.
Lower nutrient loading is therefore needed in a future warmer world to achieve the same ecological
state as today. Several papers discuss lake restoration methods within a climate change perspective
and show practical results, notably of various attempts of biomanipulation. Finally, some papers
discuss the effects of other anthropogenic stressors and their interaction with climate.
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1. Introduction

Freshwater ecosystems provide a wide range of ecosystem services, but changes in land use in
populated areas have had significant detrimental influence on their ecological state. Consequently,
man-made eutrophication still stands as the most important problem counteracting the presence of
a favorable environmental state. In many countries worldwide, attempts have been made to restore
the eutrophicated lakes by reducing the external nutrient loading. This has in many cases resulted
in major improvements of lake ecological state, but a substantial delay in recovery has often been
observed [1–3]. To speed up recovery after external loading reduction, a suite of physical-chemical
and biological methods have been developed and used [4]. The results of these restorations have been
variable and not always successful [4–8].

Recent studies have, furthermore, shown that it might be more difficult to combat eutrophication
in a warmer world as warming in itself creates symptoms that are similar to eutrophication [9–12].
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We can expect higher dominance of omnivorous fish, smaller fish, higher predation on zooplankton,
less grazing on phytoplankton, higher dominance and blooming of cyanobacteria, higher internal
phosphorus loading, and, in systems with more rain, higher external loading of nutrients [13].

This special issue of Water focuses on lake restoration and management with special emphasis on
the restoration of eutrophicated lakes within a climate change perspective. Several papers also discuss
the need for lower external loading targets in a warmer climate and describe relevant restoration
methods and approaches under various climate conditions.

2. Contributions

2.1. Temperate Climate Zone

A two-decade (1989–2008) time series of lake phyto- and zooplankton, water characteristics, and
climate in 17 Danish lakes was analyzed to elucidate the long-term changes and the effects of lake
restoration efforts and climate warming [14]. The analyses of pair-wise correlations across time series
revealed a strong synchrony in climatic variables, with a significant increase in air temperature
and a weaker synchrony for the physico-chemical variables. Synchrony in lake chemistry and
the taxonomic richness of the plankton groups and phytoplankton biomass was apparent, most
pronounced for the lakes with a significant and strong negative trend in their total phosphorus (TP)
concentrations. Phytoplankton biomass decreased and plankton richness increased in these lakes.
A widespread significant positive trend in plankton richness was observed across all lakes coinciding
with re-oligotrophication. The potential effect of climate on synchrony and long-term trends in lake
chemistry and plankton was modest but is probably confounded by the more dominant effects of
nutrient reduction.

Focusing on specific lakes, the climate effect may become more apparent. This was shown in
an analysis of a comprehensive 23-year long data series from shallow Danish Lake Søbygård, which
is in recovery after a major nutrient loading reduction [15]. Focus in this study was on changes in
zooplankton. A shift in macrozooplankton from initial dominance of Daphnia spp. towards Bosmina spp.
was found as well as a decline in the body size of copepods and an increase in the abundance of nauplii.
These changes coincided with an increase in the abundance of small-sized fish as a result of rising
water temperatures [7]. A cascading effect on phytoplankton was clearly evidenced by an enhanced
zooplankton/phytoplankton biomass ratio and a decrease in chlorophyll a/TP and chlorophyll a/total
nitrogen ratios. The results indicate that climate warming, through changes in the size structure
of the fish community, has major effects on zooplankton size structure. In this lake, the decline in
zooplankton size did not prevent, but modulated, the positive cascading effect on phytoplankton
obtained by the expected diminished fish biomass related to nutrient loading reduction.

Modeling results from the same lake support this conclusion. The ecological model PCLake was
applied to Lake Søbygård and simulated multiple combinations of increasing temperatures (0–6 ◦C)
and reduced external nutrient loads (0%–98%) with and without internal phosphorus loading [16].
The simulations revealed that nitrogen was the main limiting nutrient for primary production,
reflecting ample phosphorus release from the sediment. The nutrient loading reduction scenarios
projected increased diatom dominance accompanied by an increase in the zooplankton/phytoplankton
biomass ratio. As in [15], a higher proportion of small fish and enhanced fish predation with increasing
warming were revealed. The simulations generally showed phytoplankton to benefit from a warmer
climate and the fraction of cyanobacteria to increase and that a higher external loading reduction is
necessary in a future warmer world to maintain the present ecological state. By way of example, in
a 6 ◦C warming scenario, the nutrient load reduction has to be as high as 60% to achieve summer
chlorophyll a concentrations similar to those of the baseline scenario with present-day temperatures.

The above as well as other studies of Danish lakes [13,17,18] have collectively shown not only
that it is possible to improve lake ecological state by reducing the external loading but also that the
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ongoing climate change requires a stronger reduction of external loading to achieve the target “good
ecological status” stipulated in the EU Water Framework Directive.

To reinforce recovery after nutrient loading reduction, many different methods have been
used [4,6]. Biomanipulation by fish removal has been applied in many shallow lakes in the temperate
climate zone as a method to improve lake water quality, usually as a single intervention and usually
followed by a few years’ monitoring to record the effects. In many cases, the short-term effect has
been substantial [5,19,20]. Longer-term studies have revealed that lakes often revert to the turbid
state [6,20]. Repeated treatment has therefore been suggested [7]. In an article in this special issue [21],
an analysis is presented of 30 years of chemical and biological data on shallow 16 ha Danish Lake
Væng that has been biomanipulated twice with a 20-year interval by removing coarse fish, the second
time due to unsatisfactory long-term results. After both biomanipulations, the lake shifted from a
turbid, phytoplankton-dominated state to a clear water macrophyte-dominated state. Chlorophyll a
decreased substantially, and the coverage of submerged macrophytes, dominated by Elodea canadensis,
increased from <0.1% to 70%–80%. The effects of the first and second biomanipulation lasting for at
least eight years were similar and included a marked change in the internal nutrient cycling. Mean
summer total phosphorus and nitrogen concentrations decreased by 40%–60%. The future of the lake
is, however, somewhat uncertain due to, for instance, an unexpectedly high phosphorus loading from
groundwater. The authors provide further evidence that repeated fish removal might be a relevant
management strategy to apply in shallow lakes with a relatively high external nutrient loading.

2.2. Mediterranean and Subtropical Climate Zone

Lakes in the Mediterranean climate zone experience strong variation in rainfall and are highly
vulnerable to changes in climate, land cover, and antropogenically induced effects on water level
and salinity [22]. Spatio-temporal changes were analyzed at the catchment scale of two connected
lakes in Greece that have recently exhibited a dramatic loss of water volume for which climate change
is potentially the main driver [23]. The results showed that almost 23% and 32% of the area of the
two lakes were replaced by cultivations and reed beds from 1972 to 2011. Precipitation has shown
a declining trend, leading to a decrease in water level and an increase in conductivity and chloride
concentrations. The authors conclude that a combined effect of climate and human-induced land
cover changes is likely responsible for the drastic environmental changes and call for implementation
of effective restoration and mitigation measures. Spatio-temporal variation was also in focus in a
study of large subtropical Lake Taihu [24] where in-lake variation in water quality was compared
with the associated variation in external loading. Hierarchical cluster analysis grouped the data
into two seasons and the 20 sampling sites into two groups based on similarities in river water
quality characteristics. One group received more industrial and domestic pollution-related agricultural
runoff than the other that was mainly influenced by a combination of point and non-point sources.
Discriminant analysis was used to identify the most important variables contributing to the clustering
and principal component analysis was used to identify potential pollution sources. The authors
conclude that comprehensive analysis using multiple methods could be more effective for facilitating
efficient management for the lake in the future.

Many subtropical and tropical lakes are located in tropical cyclone strike zones and experience
high inter-seasonal and inter-annual variation in rainfall and runoff. Both factors strongly modulate
sediment-water column interactions, which play a critical role for shallow lake nutrient cycling, water
column irradiance characteristics, and cyanobacterial harmful algal bloom dynamics. Long-term (15 to
25 years) datasets on water quality and plankton were analyzed from three shallow lakes: Lakes
Okeechobee and George (Florida, USA) and Lake Taihu (China) [25]. Okeechobee and Taihu have been
impacted repeatedly by tropical cyclones, creating large amounts of runoff and sediment resuspension
and consequent increases in dissolved nutrients in the water column. In both cases, when turbidity
declined, major blooms of the toxic cyanobacteria Microcystis aeruginosa occurred over large areas of
the lakes. In Lake George, periods of high rainfall resulted in high dissolved color, reduced irradiance,
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and increased water turnover rates, suppressing the blooms, whereas in dry periods with lower water
color and water turnover rates, there were dense cyanobacteria blooms. Using an expert judgement
approach, a suite of factors were identified that will determine how a particular shallow lake will
respond to a future with global warming, flashier rainfall, prolonged droughts, and stronger tropical
cyclones [25].

Eutrophication and climate variation also interact strongly in Mediterranean Turkish lakes, with
implications also for their restoration. Twenty years of monitoring data from two interconnected
Central Anatolian lakes, Lake Eymir and Lake Mogan, both of which have received sewage effluents
and undergone restoration, were investigated [26]. In the restoration of eutrophic Lake Eymir, sewage
effluent removal was first undertaken, and the lake was then biomanipulated twice. Lake Mogan,
which only received a small amount of sewage that was diverted, served as a semi-control. Both lakes
underwent alternating severe drought and wet periods. In Lake Eymir, biomanipulation led to a clear
water state with an abundant macrophyte community. Following a prolonged drought period creating
deteriorated water clarity, the plants disappeared again, however. A second biomanipulation was
initiated in a drought period and was continued during the subsequent wet period. It resulted in
decreased nutrient concentrations and clear water conditions, but without expansion of macrophytes.
In contrast, during a period with drought and a low water level, shallow Lake Mogan experienced
rapid expansion of macrophytes. Maintaining a good ecological state of lakes located in arid climates
during drought periods appears to be a major challenge, especially seen in the light of the current
climate change.

The role of external loading of phosphorus and nitrogen in the ecological status of lakes is subject
to heated debate, but it seems evident that high nitrogen (N) loading may contribute to recession of
submerged macrophytes in eutrophic shallow lakes (e.g. [11,27]); yet, its influences vary depending
on environmental conditions. In a study presented in this special issue [28], an investigation was
undertaken of whether the effect of high N loading on Vallisneria natans growth in systems depended
on the nutrient status of the sediment in subtropical lakes. Growth of V. natans was observed to
decrease significantly with increasing N loading. In low nutrient sediment, the relative growth rate,
leaf biomass, and root biomass decreased by 12%–23%, respectively, but by as much as 33%–44% when
using high nutrient sediment. The larger effect in nutrient-rich sediment was attributed to an observed
higher shading of phytoplankton and excess nutrient accumulation in plant tissue. The results confirm
the occurrence of a negative effect of increasing N loading on submerged plant growth in shallow
nutrient-enriched lakes and further show that this effect is augmented when the plants grow in
nutrient-rich sediment. The authors conclude that external N control may help protect or restore
submerged macrophytes, in eutrophic lakes, especially when the sediment is enriched with nutrients
and organic matter.

Artificial substrate may potentially be a useful tool to speed up recovery after nutrient loading
reduction if macrophyte establishment is delayed. It may act as a daytime refuge for zooplankton
enhancing the overall grazing on phytoplankton, which may improve water clarity and augment the
growth potential of the submerged macrophytes [7]. How artificial substrate affects the competition
between planktonic and benthic primary producers is not well-studied. A short-term outdoor
mesocosm experiment was conducted [29] to test the hypothesis that the nutrient and light changes
induced by exposed artificial substrate (polythene nets) would benefit the benthic algae and thus
indirectly water clarity. It was found that the artificial substrate significantly reduced total nitrogen
and phosphorus and phytoplankton biomass, while benthic algae biomass and water clarity increased.
Artificial substrate may thus pave the way for a benthic- or a macrophyte-dominated system. Longer
term and larger scale experiments are, however, needed before any firm conclusions can be drawn on
the practical usability of the method.

As stated above, fish removal has been used to restore temperate lakes when external nutrient
loading has been reduced, and positive effects on ecological state and water clarity have been
recorded in many lakes. In warm lakes, however, enhanced top-down control by zooplankton is
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not to be expected as high recruitment of fish and dominance of small fish will prevent large-bodied
zooplankton from becoming dominant [7,28,30]. Recently, transplantation of submerged macrophytes
as a supplementary measure to fish removal has been applied to restore warm Chinese shallow lakes
in order to compensate for the expected lack of increasing grazing control of phytoplankton after
biomanipulation in warm lakes. These two measures combined have successfully shifted warm lakes
to a clear water state [28], but little is known about the responses to restoration of key physico-chemical
variables. An analysis was made of the seasonal variation in nutrient concentrations in two subtropical
and one tropical biomanipulated shallow Chinese lake subjected to restoration [31]. In all lakes, a
marked decline occurred in the concentrations of lake TN, TP, total suspended solids (TSS), and
chlorophyll a, while the transparency (SD/WD ratio, i.e., Secchi depth-to-water depth ratio) increased.
A clear water state was established, and TN, TP, chlorophyll a, and TSS concentrations in the three
restored lakes decreased to 18%–58% compared with the references, while the transparency of the
water increased substantially. To maintain the positive effects, continuous control of omnivorous and
herbivorous fish biomass was recommended as the fish typically present in warm, shallow lakes partly
consume submerged macrophytes.

It is debatable which fish should be removed or controlled when restoring (sub)tropical lakes
by biomanipulation as some fish or some life stages of fish may benefit plant growth by removing
periphyton. In many lakes in South-East Asia, also crucian carp (Carassius carassius) have been
stocked to improve fishery. In a study included in this special issue [32], food web investigations
using stable isotopes were combined with gut content analyses of the most dominant fish species
to elucidate similarities and differences in food web structure between a restored, now clear water
macrophyte-dominated basin (MDB) and an unrestored, turbid phytoplankton-dominated basin of
Huizhou West Lake, a shallow tropical Chinese lake. The diet of the dominant fish species, crucian carp
in MDB, consisted mainly of vegetal matter (macrophytes and periphyton) and zooplankton. This dual
effect (consumption of macrophytes and zooplankton) may reduce the chances of maintaining the
clear water state at the prevailing nutrient levels in the lake, and the authors conclude that regular
removal of large crucian carp may be needed to maintain good ecological status.

2.3. Effects of Other Stressors

This special issue also includes effects of other types of anthropogenic activities. Changes in water
level were analyzed over a 54-year long period in Dongting Lake (one of the largest lakes in China) [33].
In this lake, the water level has changed markedly due to a combined effect of climatic change and
anthropogenic activities, not least the establishment of the Three Gorge Reservoir (TGR). Annual
maximum, mean, and minimum lake water levels all increased from 1961 to 2014, but differentially,
depending on climate and upstream activities. Discharge data and numerical modeling showed
that the operation of TGR has substantially affected the inter-annual variation of the water level in
Dongting, especially in the flood and dry seasons. The seasonal water level fluctuations have decreased
markedly, and so has the probability of strong future drought and flood events in the lake.

Two fluvial gravel pit lakes called DLV Lake and BP Lake in the Meuse River valley were examined
from 2003 to 2014 [34]. Water from the Meuse River is pumped into DLV Lake that is used for drinking
water production. The authors found that the effects of river water infiltration on DLV Lake were (1) a
change in lake water temperature; (2) an increase in nitrate concentration; (3) an increase in phosphate
concentration; and (4) a decrease in sulfate concentration. Installed air blowers decreased pH in spring
and increased summer O2. By contrast, decreasing nitrate and phosphate concentrations in BP Lake
and Meuse River reflect a diminished use of fertilizers. This poses a challenge to lake managers to
find the right balance between the reduction of eutrophication and the accumulation of nutrients
and sulfate.

Results are presented of a multi-annual study of a small boreal humic lake of NW Russia [35].
A shallow and a deep site of the lake were regularly sampled for a range of chemical and biological
parameters. Average multi-daily, summertime values of temperature, nutrients, and bacterioplankton
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concentrations in the epilimnion revealed that local pollution impacted the shallow site to a larger
extent than the deep site. Organic phosphorus, nitrate, and lead were found to be the most
efficient tracers of local anthropogenic pollution. According to the authors, the capacity of the lake’s
self-purification depends on the ratio of primary productivity to mineralization of organic matter. This
ratio remained >1 during both winter and summer, which indicates that the lake has a high capacity to
recover from inputs of allochthonous dissolved organic matter and local anthropogenic pollution.

Finally, the impact was assessed of rivers on the accumulation of heavy metals in bottom sediments
of natural lakes comprised in postglacial river-lake systems [36]. The results obtained showed that a
river flowing through a lake is a key factor determining the input/accumulation of the majority of
the occurring fractions of heavy metals (Zn, Mn, Cd, and Ni). The results suggest that lakes act as
filters and contribute to the self-purification of water that flows through them. As a result, the content
of most metals in lake sediments showed a decrease by approximately 75% between the upstream
(inflow) and downstream (outflow) sections. The authors propose that stress on lake ecosystems can
be reduced by temporarily removing pollutants such as toxic metals and depositing them around
the delta.

3. Conclusions

This special issue highlights that lakes are affected by multiple stressors such as nutrients,
allochthonous input of dissolved organic matter, human- and climate-induced changes in water
level (due, for instance, to damming of rivers), and water infiltration and climate-induced changes in
nutrient loading and temperature. Such changes pose big challenges for lake managers. Most papers
in this current special issue focus on the effects of nutrient interactions with climate and how to restore
eutrophicated lakes in different climate zones. Most past studies on the restoration of eutrophicated
lakes have been conducted in the north temperate region, but in recent years more and more studies
have been reported from other climate zones as well, which is further demonstrated in this special issue.
It is evident that modified and alternative methods to those applied in the north temperate region
are needed for warm lakes. It seems that combined methods (selected from an assembly of physical,
chemical, and biological methods) may be more cost-effective and have longer-term effects than single
approaches [7] and that the best combination may differ among climate zones. However, more research
into this is needed before any firm conclusions can be drawn. A pre-requisite for successful restoration
in all climate zones in the long term is a sufficient reduction of external nutrient loading, but the
threshold for obtaining clear water conditions differs among climate zones and is likely lower in warm
than in cold lakes. Definition of these thresholds is a remaining challenge warranting further study.
A final subject highlighted in this special issue is the challenges that lake managers are facing when
multi-stressors and climate change interact, an interesting and important topic for elucidation
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