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Abstract: Emerging global threats, such as biological invasions, climate change, land use
intensification, and water depletion, endanger the sustainable future of lakes and reservoirs. To deal
with these threats, a multidimensional view on the protection and exploitation of lakes and reservoirs
is needed. The holistic approach needs to contain not just the development of economy and society
but also take into account the negative impacts of this growth on the environment, from that,
the balance between the three dimensions can be sustained to reach a sustainable future. As such,
this paper provides a comprehensive review on future opportunities and challenges for the sustainable
development of lakes and reservoirs via a critical analysis on their contribution to individual and
subsets of the Sustainable Development Goals (SDGs). Currently, lakes and reservoirs are key
freshwater resources. They play crucial roles in human societies for drinking water provision, food
production (via fisheries, aquaculture, and the irrigation of agricultural lands), recreation, energy
provision (via hydropower dams), wastewater treatment, and flood and drought control. Because
of the (mostly) recent intensive exploitations, many lakes and reservoirs are severely deteriorated.
In recent years, physical (habitat) degradation has become very important while eutrophication
remains the main issue for many lakes and ponds worldwide. Besides constant threats from
anthropogenic activities, such as urbanization, industry, aquaculture, and watercourse alterations,
climate change and emerging contaminants, such as microplastics and antimicrobial resistance, can
generate a global problem for the sustainability of lakes and reservoirs. In relation to the SDGs, the
actions for achieving the sustainability of lakes and reservoirs have positive links with the SDGs
related to environmental dimensions (Goals 6, 13, 14, and 15) as they are mutually reinforcing each
other. On the other hand, these actions have direct potential conflicts with the SDGs related to social
and economic dimensions (Goals 1, 2, 3 and 8). From these interlinkages, we propose 22 indicators
that can be used by decision makers for monitoring and assessing the sustainable development of
lakes and reservoirs.

Keywords: Lake; reservoir; sustainability; management; ecosystem service; threat; opportunity;
SDGs; interlinkages

1. Introduction

Despite being a small component of the biosphere, most inland lakes and reservoirs are exploited
for diverse human activities [1]. They provide a wide range of ecosystem services, including flood
control, biodiversity, climate change mitigation, river flow regulation, hydropower supply, as well
as water purification and storage [2]. In recent decades, emerging global threats, such as biological
invasions, climate change, land use intensification, and water depletion, have been driving forces of
changes in lakes and reservoirs. Particularly, these freshwater bodies are considered among the most
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impacted by species invasion, as invasions appear to be a principal contributor to biodiversity loss in
numerous systems [3]. Cumulative invasions have disproportionately transformed the communities
living in lakes and reservoirs in a way that non-native species have dominated more than their
terrestrial counterparts do. For example, Ricciardi et al. [4] found that zebra mussel invasion has
increased the impacts of environmental stressors, causing a 10-fold increase in local extinction rates of
native mussels in the Great Lakes. Another example is the introduction of different types of fish to lake
habitats for aquaculture and recreational fishing. In the beginning, fish introduction was evaluated
with assumptions that the new species would integrate into new communities with no consequences [5].
However, this was not the case as the beneficial effects of the fish introduction were proved only
immediate while negative impacts could threaten the perseverance of native communities [6].

Lakes and reservoirs are closely linked to climate change and mitigation. On the one hand, new
findings indicate their significant roles in climate change mitigation as a major organic carbon sink
in global biogeochemical cycles [7–10]. Moreover, with their large capacity of water storage, lakes
and reservoirs have served as hydrological buffers preventing extreme climate events, such as floods,
or snow and glacier melt, which are highly likely to occur more frequently as a result of climate
change [2]. On the other hand, climate change is a major threat to the sustainable development of lakes
and reservoirs [11]. According to IPCC [12], the shifts in climate regimes and their associated changes
in global precipitation, evapotranspiration, and runoff patterns have caused alterations in flow and
thermal regimes with more severe and inevitable drought and flooding events. Increasing temperature
has had a significant impact on top predators, such as pike (Esox lucius), causing alterations in the
topological architecture of food webs and whole ecosystem sensitivity to climate variation [13].

Other major threats, closely linked to anthropogenic pressures, are land-use intensification,
nutrient enrichment, hydrological modification, aquaculture, and fisheries. These pressures have
caused habitat loss and degradation, eutrophication and pollution, food web alteration, and physical
degradation, in many inland water bodies. It was estimated that the human footprint has significantly
influenced more than 83% of the land surface surrounding freshwater systems [14]. More importantly,
as a result of the implementation to achieve the Sustainable Development Goals (SDGs) focusing on
economic and social dimensions, such as the SDGs related to food, health, land, and climate, more
pressure on the freshwater resources is likely to occur [15]. To avoid further degradation and promote
the restoration and protection in lake and reservoir ecosystems, a more holistic and integrated approach
is needed to deal with the potential pressures. As such, this study meticulously investigates the
interlinkages between the necessary implementation for achieving a better and more sustainable future
of lakes and reservoirs and the actions in the framework of the Sustainable Development Goals (SDGs).
More specifically, in the first part, an overview of the development of lakes and reservoirs is provided
with the focus on their status, ecosystem services, and current management and policy. This overview
is derived from a multi-disciplinary review of the literature in order to provide a comprehensive
overview of the development of lakes and reservoirs. In the second part, the main challenges and
opportunities of the sustainability of lakes and reservoirs are depicted. To illustrate the whole picture
of publications related to the sustainable development of lakes and reservoirs, a bibliographic analysis
on approximately 65,000 publications related to lakes and reservoirs from 2009 to 2018 is implemented.
Lastly, a critical review on the interlinkages between the necessary implementation for the sustainable
development of lakes and reservoirs and the SDG is presented. As a result, we propose a list of
22 indicators, which can be used for monitoring the sustainable development of lakes and reservoirs.

2. Overview of Lake Development: Status, Ecosystem Services, and Management

2.1. Status

Natural lakes and artificial reservoirs cover only approximately five million km2 of the earth’s
surface; hence, 3.7% of the Earth’s non-glaciated land surface has long been considered as a minor
component of the biosphere [16]. However, due to extensive human exploitation, their status has been
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significantly deteriorated. According to the Living Planet Index 2018, 83% of freshwater species have
disappeared since 1970. Particularly, freshwater fish extinction rates have become extremely high [17].
Hence, we urgently need effective policy solutions that can achieve both water security and biodiversity.
Moreover, recent studies proved the crucial roles of lakes in global biogeochemical cycles as well as the
sustainability of human society as a main source of freshwater for human consumption [18]. A recent
lake inventory by Verpoorter, Kutser, Seekell and Tranvik [16] showed that there are approximately
117 million lakes and reservoirs on Earth, larger than 0.002 km2. These lakes and reservoirs serve
as a water resource for irrigation, industrial applications, fisheries, and hydroelectricity generation.
A rapid increase in the number of hydropower reservoirs has gone up to 50,000 large dams which can
store up to 8300 km3, approximately 10% of total natural water lakes on Earth [19,20]. Apart from
these supporting, provisioning, and regulating services, lakes, and reservoirs also provide high values
of cultural ecosystem services, i.e., recreational, cultural, educational services. Although the related
values of these services are high, there remain substantial debates on the calculation of their economic
values due to the diversity of service categories, types and valuation methods [21], and therefore
tools and methods to quantify the social economic values need more research, standardization, and
recognition by stakeholders and policy makers [22].

Because of increasing anthropogenic uses from these freshwater bodies, impacts on lakes and
reservoirs are increasingly reported. Regarding physical degradation, the rapid increase of hydropower
reservoirs and other anthropogenic interventions generate severe impacts on the hydromorphology,
flow discharge, and inter-basin transfers, which, consequently, exacerbates ecological states with the
habitat and species of connected water bodies [23]. Especially noteworthy is hydropeaking, a common
phenomenon in hydropower reservoirs, during which the base flow is periodically disrupted by
extreme and short-duration fluctuations, occurs more frequently due to the peak demand for electricity
during the day [24]. These peak-events generate a fluctuating daily pattern of water flows that
typically severely impairs productive, downstream shoreline habitats through repeated wetting and
drying [25]. The most obvious form of habitat loss is the direct physical destruction of the habitats
themselves upstream or downstream or in the surrounding area, and the loss of connectivity between
them. The disruption of natural hydromorphological processes can moreover alter biotic and abiotic
conditions that are vital for the natural ecosystem functioning, in some cases leading to the emergence
of invasive species and evolution towards very different ecosystem components and processes [26].
In some of these cases, vectors responsible for the transfer of diseases can become more abundant due
to a lack of predators [27].

Moreover, due to industrialization and intensive agriculture, eutrophication and heavy metals
have become one of the most serious problems facing lakes and reservoirs. Eutrophication has
caused turbid and toxic water from algal and cyanobacterial blooms, leading to the degradation of
lake ecosystems and biodiversity in approximately 40% of the total number of lakes worldwide [28].
This contamination has been increasingly observed in developing countries, e.g., China, Brazil, and
India, where the rapid development of agricultural and industrial activities has led to untreated
wastewater discharges in lakes and rivers [29]. Likewise, the anthropogenic sources of heavy metals,
such as mining activities, landfills, transportation, industrial discharge, are becoming major sources
causing heavy metal contamination in lakes and reservoirs. Heavy metals, such as Pb, Cd, Cr, Hg,
and As, are toxic, persistent, and accumulative in the food chain, which are a serious threat for
both ecosystems and human health [30]. On top of this, diverse other contaminants enter lakes and
reservoirs, such as human and animal drugs, respectively via wastewater discharge and agri/aqua
cultural activities. Antibiotics are in this respect getting a lot of attention due to their direct effect on
ecosystems, but also because of the generation of antibiotic-resistant strains in the environment, which
can cause high risks for human health and cure.

Also related to health risk, the direct discharge of pathogens can lead to increased outbreaks of
waterborne diseases related to recreational activities in small inland water bodies. Approximately
900,000 cases of illnesses and 900 deaths have occurred each year in the US due to the microbial
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contamination of drinking water and recreational activities [31]. Directly discharged wastewater
effluent, diffuse sources from agriculture run-off are potential sources of high pathogen levels in these
receiving waterbodies. Increasing recreational activities in these recreational waterbodies also lead to
the increased risk of disease for participants, such as gastrointestinal, respiratory, ear, skin, and wound
infections [32].

2.2. Ecosystem Services

From ancient times to the present, lakes and reservoirs have been used and even constructed for
numerous functions, e.g., flood control, biodiversity, climate change mitigation, river flow regulation,
hydropower supply, and water purification and storage. Due to these services, they often play a crucial
role in social development, economic growth, food production, and human health. In fact, there are
currently 8600 hydropower reservoirs which account for more than 16% of total worldwide electricity
generation, corresponding to approximately 85% of global renewable electricity production [33].
Besides, 3700 new hydropower reservoirs are going to be built and operated to satisfy the need for food
and water of the rapidly increasing population. As a result, hydroelectricity reservoirs become a crucial
renewable energy source contributing considerably to water and energy development strategies in over
140 nations [34]. However, in contrast to the global bloom of hydropower reservoirs in the context of
green and sustainable energy provision, also an increasing criticism on their profound environmental,
ecological, and social impacts rises, making their value in reaching sustainable water and energy less
straightforward. These impacts include habitat destruction, loss of habitat connectivity, methane
emissions, dried riverbeds, extreme peak flows, invasive species outbreaks in the direct vicinity of these
systems, as well as salt-water intrusion and disappearance of deltas downstream of these systems.

Moreover, fisheries and aquaculture are also an essential service of many lakes and reservoirs.
In fact, they were the fastest growing sectors in the food industry with their global production increased
by 40 times from the 1970s to 2010s and are expected to quintuple in the next 50 years [35]. In the
Mekong Delta, pangasius production boosted from 4 million tons to 12 million tons between 2005
and 2008 because of the market accessibility in Europe and the US. Consequently, the seafood and
processing industries in Vietnam rocketed, giving enormous opportunities for both international
cooperation and smallholder farmers. However, this unsustainable expansion has caused the severe
disappearance of mangrove ecosystems as approximately 50% of mangrove forest in Mekong delta in
Vietnam were replaced by aquafarms despite the efforts of the Vietnamese government in intervening
stricter laws and increasing enforcement [36].

Water treatment and storage are other major contributions of lakes and reservoirs, which have led
to increased water availability for anthropogenic use. It is calculated that the total area for irrigation
has risen from 40 million to 215 million ha between 1900 and 2000 with the cumulative storage
capacity from 100 to 8300 km3 [37]. This unprecedented expansion was possible by the global bloom
of hydropower reservoirs as currently over half of the world’s global river systems are regulated by
them [38]. Moreover, these inland waterbodies also provide a high capacity of self-purification thanks to
high complexity with an interconnected web of biochemical reactions and complex hydraulic processes,
and also resulted in the massive use of waste stabilization ponds for wastewater treatment [39].
This diverse treatment ability of these natural systems generated a major technology for wastewater
treatment, which is very popular in the developing world due to their low cost, simple operation, and
high robustness [40].

2.3. Management and Policy

All freshwater basins exploited by human activities demand management. This may involve
regular monitoring to maintain and include efforts to enhance and protect the system as well as restore
the impaired systems. In the case of lakes and reservoirs, due to their substantial economic benefits,
there is an increasing requirement for management and policy for the sustainable exploitation of
lakes and reservoirs, to sustain their beneficial uses over the long-term and more specifically meet the
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objectives related to the Sustainable Development Goals. From that point of view, the multifaceted
factors of different stakeholders should be incorporated into the optimization and decision-making
process. Consequently, large numbers of conflicting views are governing these systems and more
transparent procedures are required to inform and convince stakeholders and authorities. As such,
multicriteria decision analysis and computer-based decision support systems can provide a structured
way to elicit and communicate individual preferences in a systems’ context [41].

Noteworthy is that in contrast to substantial knowledge and understanding on water quality
management in natural lakes as a result of long historical research, there is a shortage of insights into
the characteristics of artificial reservoirs [1]. Despite the little distinctions between these two freshwater
bodies in terms of limnology, their functions can be very different. Neglecting these differences
can lead to inappropriate and unsustainable developments. In fact, a management policy should
be site-specific for lakes and reservoirs, since they also serve different purposes leading to different
priorities corresponding to different optimization methods in their management plans. However, there
are certain aspects that need to address in the management policy. These aspects include aquatic
species management with invasive species control, wildlife and fisheries management, nutrient budget,
shore protection, water quality management, recreational and watershed management. Depending on
the prioritized purposes and problems of the inland water body systems, site-specific actions, which
put economic and time factors in their agenda, can be proposed.

Many efforts have been made for the restoration of lakes and reservoirs, in which there are many
successful restoration projects, while several are reported as a failure [42]. One of the solutions for
habitat disconnection is the use of fish bypasses. However, in case of severe physical degradation at
the river basin level, undamming might be considered, as is reflected in its current controversial debate.
In a short-term period, dam removal can increase the amount of sediment load leading to abrasion
and toxicity to biota and habitats. However, it was also reported that the restoration of unregulated
flow regimes improved significantly the biotic diversity due to the enrichment of free movement and
spawning grounds [43]. Regarding eutrophication, due to the resilience of lake biochemical conditions,
the reduction of external nutrient loading alone often led to unsuccessful restoration project [44].
To reinforce recovery, numerous biomanipulation methods have been integrated with physicochemical
methods. Fish removal has become popular for a restoration project in Denmark and the Netherlands,
which resulted in the improvement of visibility and less abundance of algae. However, the high
concentration of mobile phosphorus in lake sediment can lead to the return of turbid conditions [42].
Moreover, the multifunctional exploitations of these stagnant waters challenge the determination of
specific operation and restoration action and need multidisciplinary research and multi-stakeholder
approaches [45].

3. Challenges and Opportunities for the Sustainable Development of Lakes and Reservoirs

3.1. Emerging Threats and Challenges

Anthropogenic activities, such as urbanization, industry, aquaculture, and watercourse alterations,
remain ultimate threats to the sustainability of freshwater bodies. Almost any lake and reservoir on
earth is subjected to different types of pressures, characterized by complicated links between each other,
and generating a vast array of long-term costs. Moreover, the Earth’s climate is changing and expected
to continue to change in the future, gradually transforming the Earth’s ecosystems. The scale of climate
change impact on inland water bodies is global but the impacts can be seen locally and differently
from place to place. Geographic location, elevation, and morphometry are crucial factors determining
the effects of climate change on lakes and reservoirs. In tropical and arid regions, small inland water
bodies encounter the changes in water level and conductivity as a result of the shifts in water balance
and evaporation rate [46]. In temperate and boreal zones, the variation of precipitation can change
the nutrients import of freshwater bodies. Interestingly, these water bodies and climate change have
a double relationship. On the one hand, the impact of climate change on global temperature, sediment
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transport, temporal precipitation, and the intensity of floods and droughts affect the sustainable
development of lakes. On the other hand, they are themselves both natural and artificial sources that
can substantially contribute to climate change via their degrading organic carbon storage, and related
carbon dioxide (CO2) and methane (CH4) emissions [7–10].

Another emerging threat for lake sustainability in future decades is the ever-increasing number
of emerging contaminants as a result of the development of technologies adding more products and
chemicals into the environment [47]. These surreptitious contaminants are new compounds with
little environmental regulation and whose impacts are still not completely clear [48]. They range
from personal care products and illicit drugs to endocrine disrupting compounds, which can pose
a serious threat to both the aquatic ecosystem and human health [49]. More importantly, the presence
of microplastics and antimicrobial resistance (AR) in lakes are increasing in developing countries
as a result of the widespread use of these products [50,51]. Agriculture, aquaculture and livelihood
developments, caused a high level of AR in surface water systems, consequently, causing health
problems to water users [52].

3.2. Opportunities for Sustainable Development of Lakes and (Hydropower) Reservoirs

Since lakes and reservoirs contribute significantly to freshwater availability and use, their
sustainability needs to be made central to the success of the Sustainable Development Goals (SDGs) [53].
To keep the security of the water resource under the pressure of unprecedented population growth and
increasing climate change impacts, sustaining a globally well-functioning water cycle is a main objective
and challenge. Consequently, the development of lakes and reservoirs must support sustainable access
to adequate quantities and qualities of numerous benefits to human society, environmental well-being,
and economic welfare.

To illustrate the whole picture of publications related to the sustainable development of lakes and
reservoirs, three research lines were made, including (1) Status; (2) Ecosystem services; (3) Management
and Policy (Figure 1). These three research lines cover 18 major research topics, which play important
roles in their sustainable development. The details of the topics and their search query in the Web of
Science can be found in Table S1 in Supplementary Material A. We identified the keyword queries
for each research topic based on our expertise and previous bibliometric analyses whose topics are
comparable [39,54–69]. Regarding the status, a high number of publications has been dedicated
to urgent issues in environmental and human health, i.e., emerging contaminants and waterborne
diseases. Besides, biodiversity and climate change have been increasingly investigated in lakes in
line with trends in species extinction and the global biodiversity crisis. Climate change impacts on
lake systems have received more scientific attention in recent years. Eutrophication and heavy metals
remain constant problems in these stagnant waters due to the long impact of intensive agricultural and
industrial activities.

As one of the key renewable energy resources in the near future, hydropower has attracted
considerable attention from both studies to business areas. Due to recent findings on their impacts
on the river and estuarine ecosystems and their contributions to climate change via greenhouse gas
emissions, the eventual contribution of this renewable energy resource to the future clean energy
are increasingly questioning. Besides flood control as a constant benefit of lakes from ancient times,
fisheries and drinking water are increasingly exploited with the growing needs of the expanded
populations. Because of these substantial economic benefits, higher requirements for management and
policy are needed. In fact, 4000 publications have been dedicated to the operation and management
of lakes and reservoirs, reflecting the growing benefits of control on lakes and reservoirs to warrant
environmental and human health and social economic welfare. Particularly, policy development, laws
and regulations have been increasingly explored in recent years.
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Figure 1. The number of publications in three research lines with topics related to the sustainable
development of lakes and reservoirs from 2009 to 2018. The data were extracted from the online
database of the Science Citation Index Expanded (SCI-Expanded) in the Web of Science on 24 January
2019. More information on the methodology of the bibliometric analysis can be found in Supplementary
Material A.

4. The Interlinkages between the Sustainable Development of Lakes and Reservoirs and
the SDGs

4.1. Sustainable Development Goals of the 2030 Agenda

The 2030 Agenda for Sustainable Development is a plan of action for people, planet, and prosperity
with a principal objective of leaving no one behind [70]. This Agenda contains 17 Sustainable
Development Goals (SDGs), 169 targets, and 232 indicators, which stimulate actions over the next
15 years in areas of critical importance for humanity and the planet with the specific aim of eradicating
extreme poverty and hunger [70]. The SDGs integrate the 5Ps: people, planet, prosperity, peace,
and partnership (Figure 2), which highlight the interdependence of the targets and the requirement
of integrated and coordinated implementation of the goals [71]. Despite not being legally binding,
the Agenda developed a Global Indicator Framework, which is being used in many countries to
achieve their clean, green and sustainable future. However, policymakers face the challenge of
implementing the SDGs simultaneously due to numerous interlinkages, including both synergy and
potential trade-off, within and between these goals [72]. Understanding these interlinkages allows
countries to target and implement their policies efficiently by connecting synergies while managing
potential conflicts [73]. However, these interlinkages currently have a weak conceptual and scientific
underpinning, highlighting an urgent need for holistic and comprehensive approaches and tools
that can analyze of the nature and strengths of these interactions and how they affect policy and
implementation [72]. A noticeable example is the study of UN Water [74] on the central role of water
and sanitation to describe the links and interdependencies between the targets of SDG 6 and other Goals.
Particularly, the role of water and sanitation in the development of three dimensions, i.e., economic,
social, and environmental dimensions, is investigated, highlighting the importance of mainstreaming
water and sanitation in the policies and plans of other sectors. From this perspective, we performed
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a critical analysis of the interlinkages between SDG targets for the sustainable development of lakes and
reservoirs around the world by taking a closer look at a single indicator. Particularly, the interactions
between two sides are taken into account, i.e., the roles of lakes and reservoirs in achieving these
17 SDGs and the impact of the potential actions for these achievements on the sustainable development
of lakes and reservoirs. This descriptive analysis with the support of scientific evidence can function as
the guideline for decision makers on the critical linkages of the SDGs and the sustainability of lakes
and reservoirs.
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People (Goals 1–5), Planet (Goals 6, 12–15), Prosperity (Goals 7–11), Peace (Goal 16), and Partnership
(Goals 17).

4.2. The Interlinkages between the Sustainable Development of Lakes and Reservoirs and the SDGs

Figure 3 shows the summary of the interlinkages between the necessary implementation for
achieving a better and more sustainable future of lakes and reservoirs and the actions in the
framework of the SDGs. Two types of interlinkages are concerned, i.e., synergy and potential
conflict. While the synergic interlinkages demonstrate two actions sharing a mutually supportive
relationship, potential conflicts indicate the potential trade-offs and/or constraints of two actions on
each other. These interlinkages can be direct or indirect. While the direct interlinkages include the
SDGs that refer explicitly to inland water bodies or perceptions involved directly with lakes and
reservoirs, the indirect interlinkages show the implicit effects of the actions to achieve both sustainable
development on the others. To avoid exhaustive description, Table 1 shows an overview of only direct
interlinkages. The details of indirect interlinkages can be found in Table S2 in the Supplementary
Material B. As shown in Table 1, the actions to achieve the sustainable development of lakes and
reservoirs strongly interlink with nine SDGs splitting in three Ps: (1) People (Goals 1, 2, and 3);
(2) Planet (Goals 6, 13, 14, and 15); (3) Prosperity (Goals 7 and 8). Although synergies are abundant
in most of the interlinkages, potential conflicts can occur between lake sustainability and the SDGs.
Particularly, the actions for achieving lake sustainability mainly have positive links with the SDGs
related to environmental dimensions (Goals 6, 13, 14, and 15) as they are mutually reinforcing each
other. On the other hand, besides the positive aspects, these actions have potential conflicts with
the SDGs related to social and economic dimensions, i.e., SDG 1—No poverty, SDG 2—End hunger,
SDG 3—Good health and well-being, and SDG 8—Decent work and economic growth. Although the
majority of the economic-driven targets aim to dissociate environmental deprivation from economic
growth, the indirect impacts of human activity to obtain the economic growth can be extensive on lake
sustainability as this was the case in the past. A noticeable example is that the correlation between the
higher amount of untreated wastewater and the increasing per capita income was found in higher
pollution-generating economic activities [54].
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Table 1. Overview of direct interlinkages between the sustainable development of lakes and reservoirs and the SDGs.

SDGs Type of the Interlinkages Roles of Lakes and (Hydropower) Reservoirs Impact of Potential Actions on Lake Sustainability

SDG 1—No poverty Direct potential conflict

• Target 1.1 to 1.3: Benefits from lake ecosystem services and
hydropower reservoirs are vast in terms of both water
resources and sustainable energy production [75].

• Target 1.4: Moreover, the preservation of lakes as a major
inland water resource is essential to “ensure that all men
and women . . . have equal rights to basic services . . .
natural resources” [76].

• Target 1.5: Similarly, the freshwater bodies provide a
substantial buffer capacity for flood control and drought
prevention as such “reducing vulnerability to
climate-related extreme events . . . and environmental
shocks and disasters” [53].

• A complex relationship between economic well-being and the sustainability
of water resources because of two reasons.

• Firstly, the economic well-being involves in many different sectors that, in
turn, affect or be affected by the water sector.

• Secondly, water is an essential component of an economic system.
According to The United Nations [77], 80% of all jobs globally are
dependent on sustainably managed water resources and water-related
services, including sanitation and wastewater services.

• However, the indirect impacts to obtain economic growth for achieving SDG
1 can be severe on lake sustainability as this was the case in the past [78].

SDG 2—End hunger Both direct potential conflict and
synergy

• Target 2.3: As one of the main freshwater bodies being
exploited for irrigation, lakes and reservoirs play an
essential role to “double the agricultural productivity and
incomes of small-scale food producers”.

• Many dry regions became suitable for agriculture due to
the availability of irrigation systems, which were derived
from the construction of hydropower dams [79]. In fact,
the total area, which has been watered for agriculture, has
increased from 40 Mha in the 1900s to 215 Mha in 2000 [37].

• Targets 2.3 and 2.6, focusing on a sustainable implementation strategy in
agricultural policies, can increase the efficiency of water use and
productivity, creating more food without expansion or intensification of
cultivated land, leading to the reduction of water pollution in the receiving
water bodies.

• Target 2.4, aiming to achieve the “double the agricultural productivity” in a
sustainable way, can promote the development of environmentally
friendly technology.

• Conversely, the increase of agricultural activities can lead to a higher
amount of pollutants, including nutrients, pesticides, herbicides, and other
emerging contaminants, to the waterbodies [80].

SDG 3—Good health and well-being Both direct potential conflict and
synergy

• Targets 3.3 and 3.9: With substantial water storage capacity
for drinking water and recreation activities, the sustainable
development of lakes and reservoirs is essential in
reducing waterborne diseases, deaths, and illnesses related
to water pollution and contamination.

• However, lakes and ponds are the locations that have the
second highest number of outbreaks of waterborne
diseases, occupying approximately 40% of the total
number of outbreaks occurring between 1951 and 2006 [81].
Lack of sanitation systems, diffused sources from
agriculture run-off are the main sources of high pathogen
levels in lakes and reservoirs [82].

• In order to achieve the improvement of health care systems, better quality
water resource should be obtained in tandem.

• However, a trade-off of increasing using antibiotics to eliminate diseases
(targets 3.1, 3.3, 3.4, 3.8, 3.b) can lead to the increase of antimicrobial
resistance (AR).
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Table 1. Cont.

SDGs Type of the Interlinkages Roles of Lakes and (Hydropower) Reservoirs Impact of Potential Actions on Lake Sustainability

SDG 6—Clean water and sanitation Direct synergy

• There are strong interlinkages between SDG 6 and the
sustainability of lakes and reservoirs.

• Targets 6.1 and 6.4: “safe and affordable drinking water for
all” and “integrated water resources management at all
levels” are also directly related to the development of lakes
and reservoirs.

• Target 6.6: “By 2020, protect and restore water-related
ecosystems, including . . . lakes”. This was due to the fact
that many rivers and lakes have been drying out, leading
to much less water, less water-related habitat and
consequently less provision of ecosystem services [83].

• Most of the actions to achieve the SDG 6 are beneficial to the sustainable
development of lakes and reservoirs.

• Targets 6.3 and 6.4: “improve water quality by reducing pollution” and
“ensure sustainable withdrawals and supply of freshwater to address water
scarcity”, will mitigate the pressure of overexploitation and water pollution
in the inland freshwater bodies [84].

SDG 7—Affordable and clean energy Direct synergy

• Main objectives of targets 7.2 and 7.3 are to increase the
proportion of renewable energy in the total final energy
consumption. As such, the global bloom of hydropower
reservoirs contributes significantly to the achievement of
this target.

• Currently, as important renewable energy, hydropower
plants (HPs) account for more than 16% of total worldwide
electricity generation, corresponding to approximately 85%
of global renewable electricity production [33].

• Moreover, HPs are designed and operated to provide
services beyond electricity generation, such as water
supply, flood and drought management, irrigation,
navigation, fisheries, and recreational activities [75].

• Target 7.a “advanced and cleaner fossil-fuel technology, and promote
investment in energy infrastructure and clean energy technology” directly
contribute to the sustainability of hydropower reservoirs.

• After the golden period of large HPs, its profound environmental and social
impacts have been increasingly evident, creating intense debates over its
real values [85].

• A countertrend towards small HP projects has growingly appeared since
they can provide similar benefits but with lower socioecological impacts
due to the less occupied space and infrastructure requirements. In fact,
many small HPs have been deployed in Europe where there are
approximately 10 times more small HPs than large HPs [86].

SDG 8—Decent work and economic
growth

Both direct potential conflict and
synergy

• Water quality and quantity are essential for
economic development.

• Lakes have been exploited for industrialization and
intensive agriculture over long periods. As a result,
eutrophication and heavy metal contamination already
occurred in lakes since the 1930s [87,88].

• Target 8. a about “increase aid . . . for Trade-related
Technical Assistance to Least Developed Countries” can
benefit the efficiency of water usage and ecosystem
preservation in lake systems.

• Target 8.9 can promote sustainable tourism can encourage
sustainable exploitation of the recreational services of lakes
and reservoirs.

• Targets 8.4 and 8.9 try to dissociate environmental deprivation from
economic growth by employing clean and environmentally
sound technologies.

• Targets 8.1 and 8.3 do not explicitly include the sustainable management of
natural resources [74]. This highlights the need for SDGs within economic
dimensions to be implemented in an integrated fashion to avoid any
potential conflict with the achievement of SDG 6 and the sustainability of
lakes and reservoirs [74].
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Table 1. Cont.

SDGs Type of the Interlinkages Roles of Lakes and (Hydropower) Reservoirs Impact of Potential Actions on Lake Sustainability

SDG 13—Climate action Direct synergy

• Freshwater bodies and climate change show a double
relationship [89].

• Hydropower reservoirs are a central renewable energy
resource contribute to climate change mitigation [90].

• Lakes and reservoirs are one of the main regulators of
carbon cycling and climate change [91,92].

• They play a crucial role at preventing extreme climate
events, such as floods, or snow and glacier melt [2].

• To achieve target 13.2, the role of lakes and reservoirs
should be integrated into national policies, strategies and
planning to foster climate resilience and low greenhouse
gas emissions development.

• On the other hand, due to climate change, the alteration of river discharge
will affect water availability and regularity, and energy generation [93,94].
However, climate change will not lead to significant changes in the global
hydropower generation [90,93,95–97].

• Warming of lake water has synergistic effects with nutrient enrichment,
stimulates blooms of toxic cyanobacteria in eutrophic lakes, and alters food
web structure [98–100]. Consequences of these changes can be the increase
of algal bloom, the change in water clarity, assemblages of plankton and fish
communities [100].

• The increasing temperature has had a significant impact on top predators,
such as pike (Esox lucius), causing the alteration in the topological
architecture of food webs and whole ecosystem sensitivity to climate
variation [13].

SDG 14—Life below water Direct synergy

• Analogous global problems occur in both inland
freshwater and marine ecosystems, e.g., eutrophication,
heavy metal contamination, microplastics, and species
distinctions, due to their identical anthropogenic pressures
and interconnections via river run-off systems [101].

• Lower freshwater flux with higher pollutant concentrations
to the coastal area causes difficulty of achieving the target
14.1, which is to “prevent and significantly reduce marine
pollution of all kinds, in particular from land-based
activities, including marine debris and nutrient pollution”.

• Target 14.1, aiming to protect marine ecosystems, the prevention and
reduction of pollution from land-based activities are essential. As such,
increasing the water quality from inland water systems should be
prioritized to achieve a healthy life below marine water.

• However, a potential trade-off between the marine fisheries and freshwater
fisheries should be taken into account.

• The main aim of targets 14.4 and 14.6 is to avoid overfishing and illegal
fishing, which can lead to a shortage of marine fishes, which can create
more pressures on freshwater fishes in lakes and reservoirs.

• To avoid this potential conflict, an integrated assessment involving
terrestrial, freshwater and marine protected areas promises more effective
conservation outcomes than disconnected reserves [11].

SDG 15—Life on land Direct synergy

• Inland water bodies and terrestrial ecosystems are of
paramount importance for many complex biogeochemical
cycles, such as the carbon cycle, the water cycle, the
nitrogen cycle, and the nutrient cycle [102,103].

• Target 15.1: the flux of energy, elements, and compounds
between two systems are sophisticated, in which aquatic
subsidies have a high capacity to fuel terrestrial food webs,
which depends on the number of their allochthonous
inputs from the terrestrial biosphere [104,105].

• Target 15.3, aiming to combat desertification and recover
land affected by desertification, drought, and floods,
sustainable water use of inland water bodies is essential.

• Targets 15.4 and 15.5: strong food web linkages between
lakes and lands highlight the needs of integration of their
conservations in terms of biodiversity and natural habitats.

• Inputs of organic carbon and compounds from terrestrial biosphere can go
beyond levels supported by lake photosynthesis, hence, changing the
metabolisms of the lakes via direct and indirect effects create complex
interactions in food chains between land and freshwater biospheres [106].

• Target 15.1 shows the importance of protecting both terrestrial and
freshwater biodiversity in parallel.

• Target 15.8 focuses on the prevention and control of invasive species, which
need to be implemented in both inland water bodies and terrestrial
ecosystems as the life cycle of many species involves both ecosystems [107].
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SDG 1: No poverty
Lakes and reservoirs can generate income via goods 
(drinking water, fisheries and food production) and 

services (tourism) and help to avoid costs via flood control  

SDG 2: Zero hunger
Fisheries, aquaculture and water storage for 

irrigating crops can support zero hunger 

SDG 3: Good health and well-being
Lakes offer many recreational activities such as 

swimming, angling, boat trips and surfing

SDG 4: Quality education
Clean water access via lakes and reservoirs increases 

the chance for better education of children  

SDG 5: Gender equality
Water availability from freshwater bodies can 

contribute to reducing the uneven burden and high risk 
of maternal mortality and sexual harassment on women  

SDG 6: Clean water and sanitation
Lakes and reservoirs are key freshwater resources 

for high quality drinking and irrigation water

SDG 13: Climate action
Lakes and reservoirs can act as balancing components to 
deal with extreme temperature and precipitation peaks

SDG 14: Life below water
Lakes are key systems for the biodiversity and 

ecological processes of freshwater systems

SDG 12: Responsible consumption and production
Responsible consumption and production is vital for and 
depending on sustainable fisheries (stock management), 

aquaculture (clean water use and discharge) and drinking/
irrigation water (avoiding over-consumption)

SDG 15: Life on land
Many terrestrial animals rely on lakes for drinking water 
and food

SDG 7: Affordable and clean energy
Hydropower accounts for a substantial part of the world 
wide electricity generation

SDG 8: Decent work and economic growth
Lakes and reservoirs offer directly (fisheries, energy sector) 
and indirectly (agriculture, tourism success of several 
cities) a diversity of jobs

SDG 9: Industry, innovation, and infrastructure
Lakes and reservoirs are a natural buffer against the 
increasing number of natural disasters

SDG 10: Reduced inequalities
Lakes and reservoirs can be a source of drinking water, 

food and income for the poorest citizens

SDG 11: Sustainable cities and communities 
Many cities depend on lakes and reservoirs for drinking 
water, food and attractive tourism

SDG 16: Peace, justice and strong institutions 
Water availability from lakes and reservoirs can avoid 
violence related to water as it is estimated that 1.8 billion 
people will suffer from water shortage in 2025

SDG 17: Partnership for the goals
Lakes and reservoirs are often a basis for local and 
international partnerships related to food and drinking 
water production

Lakes and 
Reservoirs

Figure 3. The summary of the contributions of lakes and reservoirs to support the achievement of the
Sustainable Development Goals (SDGs).

4.3. Indicators of the Sustainable Development of Lakes and Reservoirs

After the assessment of the interlinkages between the SDGs and the sustainable development
of lakes and reservoirs, we propose a list of indicators to monitor the sustainable development of
lakes and reservoirs. The list is built, based on their strong synergies with the abovementioned SDGs
with the main focus on the environmental dimensions, i.e., SDGs 6, 13, 14, and 15, and SDG 7 with
regards to renewable energy from hydropower reservoirs. A total of 22 proposed indicators were
based on the 232 indicators developed by Inter-Agency and Expert Group on Sustainable Development
Goal Indicators and adopted by the General Assembly at its seventy-first session in July 2017.
These indicators are measurable with their values that can represent global, regional and subregional
aggregates (Table 2). According to the Secretary-General’s annual report on “Progress towards the
Sustainable Development Goals”, these indicators are calculated from data from national statistical
systems, compiled by international agencies which are vital for evidence-based decision-making and
the full implementation of the 2030 Agenda. As such, our proposed indicators scaled up to lake
and reservoir systems can be used to monitor the sustainable development of lakes and reservoirs.
Particularly, these indicators focus on urgent topics, i.e., water quality, eutrophication and (micro)
plastics, fisheries, biodiversity, biological invasions, eco-friendly dams, and (inter) national and local
management. As mentioned in the SDGs that their indicators should be implemented as an ‘indivisible
whole’, the same principle is applied to the proposed indicators for the sustainable development of
lakes and reservoirs. To target these indicators, the policymakers can formulate required actions that
need to be integrated to the practical measures from the other SDGs, such as land [108], climate [109],
ocean [110]. Noteworthy is that the situation of individual countries/regions may vary significantly,
hence one should pay extra attention to the aggregated data despite its convenient way to track the
progress of sustainable development. Besides, since the proposed indicators based on the 232 indicators
that are still undergoing methodological development by the United Nations, updating information is
necessary to keep track of the progress on SDG implementation.
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Table 2. Proposed indicators for monitoring the sustainable development of lakes and reservoirs.

No. Proposed Indicators Related Targets Related SDGs

1 Proportion of wastewater safely treated before being
discharged into lakes and reservoirs (%) 6.3.1

SDG 6—Clean water
and sanitation

2 Proportion of lakes and reservoirs with good ambient water
quality (%) 6.3.2

3 Level of water stress: freshwater withdrawal as a proportion of
available freshwater resources (%) 6.4.2

4 Proportion of lake and reservoir basins with an operational
arrangement for water cooperation (%) 6.5.2

5 Nationally derived extent of lakes and reservoirs (km2)
6.6.16 Nationally derived quality of lakes and reservoirs (%)

7 Nationally derived quantity of lakes and reservoirs (million of
m3 per annum)

8
Proportion of local administrative units with established and
operational policies and procedures for participation of local

communities in lake and reservoir management (%)
6.b.1

9 Renewable energy from eco-friendly hydropower reservoirs
shares in the total energy consumption (%) 7.2.1 SDG 7—Affordable

and clean energy

10
Number of countries with (inter) national and local disaster risk
reduction strategies involving the roles of lakes and reservoirs

(number)
13.1.1 SDG 13—Climate

action

11 Index of lake eutrophication and floating plastic debris density
(number) 14.1.1

SDG 14—Life below
water

12 Proportion of fish stocks within biologically sustainable levels
in lakes and reservoirs (not overexploited) (%) 14.4.1

13 Coverage of protected areas in relation to lakes and reservoirs
(Exclusive Economic Zones) (%) 14.5.1

14

Progress by countries in the degree of implementation of
international instruments aiming to combat illegal, unreported

and unregulated fishing in lakes and reservoirs (level of
implementation: 1 lowest to 5 highest)

14.6.1

15 Proportion of total research budget allocated to research in the
field of lakes and reservoirs (%) 14.a.1

16

Degree of application of a legal/regulatory/policy/institutional
framework which recognizes and protects access rights for
small-scale fisheries (level of implementation: 1 lowest to 5

highest)

14.b.1

17 Average proportion of Freshwater Key Biodiversity Areas
(KBAs) covered by protected areas (%) 15.1.2

SDG 15—Life on land

18 Proportion of lake and reservoir area with a long-term
management plan (%) 15.2.1

19 Proportion of forest area within legally established protected
areas (%)

20 Proportion of lakes and reservoirs that is degraded over total
area of lakes and reservoirs (%) 15.3.1

21 Red List Index for freshwater species (number) 15.5.1

22
Proportion of countries adopting relevant national legislation

and adequately resourcing the prevention or control of invasive
alien species in lakes and reservoirs (%)

15.8.1

5. Conclusions

From ancient times to the present, lakes and reservoirs have been exploited for numerous functions,
e.g., flood control, biodiversity, climate change mitigation, river flow regulation, hydropower supply,
and water purification and storage. As such, they play crucial roles in social development, economic
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growth, and human health. However, due to human overexploitation and emerging global threats,
such as biological invasions, climate change, land-use intensification, and water depletion, their future
is at risk. Eutrophication has led to degradation of lake ecosystems and biodiversity in approximately
40% of the total number of lakes worldwide while 83% of freshwater species have been disappeared
since 1970. Furthermore, 900,000 cases of illnesses occur in the US alone due to microbial contamination
from activities related to lakes and reservoirs each year.

Because of this threatening situation of lakes and reservoirs, together with the need to integrate
their roles in the sustainable development across the economic, social and environmental dimensions,
their interlinkages with the SDGs were investigated. Particularly, the roles of lakes and reservoirs
in achieving these 17 SDGs and the impact of the potential actions for these achievements on the
sustainable development of lakes and reservoirs were analyzed. It appears that the actions to achieve
the sustainable development of lakes and reservoirs have strong interlinkages with nine SDGs, split
in three Ps: (1) People (Goals 1, 2, and 3); (2) Planet (Goals 6, 13, 14, and 15); (3) Prosperity (Goals 7
and 8). The actions for achieving lake sustainability mainly have positive links with the SDGs related
to environmental dimensions (Goals 6, 13, 14, and 15) as they are mutually reinforcing each other.
In contrast, these actions have potential conflicts the possible activities to achieve the SDGs related
to social and economic dimensions, Goals 1, 2, 3 and 8. Based on these interlinkages, we proposed
22 indicators that cover five main areas related to five SDGs, i.e., Goals 6, 7, 13, 14, and 15. More
specifically, these indicators focus on urgent topics, i.e., water quality, eutrophication and (micro)
plastics, fisheries, biodiversity, biological invasions, eco-friendly dams, and (inter) national and local
management. With these indicators, policymakers are able to keep track of the development of
lakes and reservoirs and, hence, decide on holistic and multidimensional management and policies
for the sustainable future of lakes and reservoirs which, following the definition of Brundtland
Commission [111] on sustainability, is to “meet the needs of the present without compromising the
ability of future generations to meet their own needs”.
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Table S1: Research topics and their search query in the Web of Science. The search query in each research topic is
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context of lakes or reservoirs, respectively. Table S2: Overview of indirect interlinkages between the sustainable
development of lakes and reservoirs and the SDGs.
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