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Abstract
Sustainable water use implies the simultaneous protection of water quality and quantity. Beyond their function to support 
human needs such as drinking water provision, transportation and recreation freshwater bodies are also habitats. Conceiving 
them as water users on their own with respective biological, physico-chemical and morphological requirements could help 
maintaining their healthy state. Healthy freshwater ecosystems are also attractive for high-value human uses. Dwindling 
per capita availability of water, increasing demands, human well-being and climate change lead to competition for, and 
pressures on freshwater ecosystems. This has been conceptualized through the modification of the drivers–pressures–state–
impacts–responses framework. This distinguishes between pressures, associated with the achievement of human well-being, 
and stressors, which are defined as the negative effect of excessive pressures or combination thereof on aquatic ecosystems. 
Guidelines usually specify threshold values to classify water bodies as appropriate for certain utilitarian uses. However, only 
few guidelines focus on freshwater ecosystem health. Eight guidelines for monitoring of freshwater ecosystem health were 
analysed in the UNEP-funded project “International Water Quality Guidelines for Ecosystems”. Based on this review, gen-
eral benchmark values are proposed for key physico-chemical indicators. Furthermore, adaptive pathways towards improved 
monitoring and protection of the health of freshwater ecosystems are recommended. In this paper, we review the main find-
ings of the report and also review its recent uptake. Water quality guidelines for freshwater ecosystems cannot be conceived 
without societal consensus and vision. Different climatic, geographical and socioeconomic contexts are to be considered too. 
Their development is embedded in an adaptive cycle. Its multiple phases and steps indicate a long-term approach including 
reassessment and potential revisions.
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Introduction

Water challenges at the beginning 
of the twenty‑first century and the framework 
to address them

Population growth, economic development, land use/land 
cover as well as climate change imply growing pressures 
on the quality and quantity of water resources and on the 
respective aquatic ecosystems. Declining water quality 
has major consequences for human, but also for ecosystem 
health and for the biodiversity of these ecosystems (Butchart 
et al. 2010). In this paper, the term “water quality” is used 
in a very general sense. While freshwater ecosystem health 
covers, and integrates, the physical, chemical, biological and 
hydromorphological dimensions of freshwater ecosystems, 
good water quality is the main prerequisite and probably 
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the most measurable and comparable attribute of ecosystem 
health of freshwater bodies.

Life on Earth depends on the integrity of ecosystems 
for their well-being and survival (Lindenmayer and Likens 
2010). Yet, this integrity is very much at threat. Economic 
growth and increasing living standards characterize many 
countries. Correspondingly, increasing amount of sewage 
and other wastes are discharged into aquatic ecosystems. 
While in high-income countries about 70% of the munici-
pal and industrial wastewater is treated, this drops to 38, 28 
and 8% in upper-middle-income, lower-middle-income and 
low-income countries, respectively (WWAP 2017). These 
recent numbers support earlier estimates that 80–90% of all 
wastewater in developing countries is discharged untreated 
into rivers, lakes and/or oceans. Already in 2010 two publi-
cations “Sick Water?” (Corcoran et al. 2010) and “Clearing 
the Waters” (Palaniappan et al. 2010) summarized the inher-
ent challenges. Besides direct pollution, indirect pollution 
leads to an excess of nutrients in water bodies. For example, 
human interference with the nitrogen cycle represents one 
of the challenges as far as the respective planetary boundary 
is concerned (Rockström et al. 2009). Furthermore, it com-
promises water security for humans and nature (Dudgeon 
et al. 2006; Vörösmarty et al. 2010). Pesticides, hormones, 
pharmaceutical residues, other new chemicals and micro-
plastics are emerging pollutants creating new water quality 
challenges. Therefore, the issue requires global attention and 
action, as highlighted in the Policy Brief on Water Quality 
(UN-Water 2011). Even unintended impacts to ecosystems 
through water uses which rely on good quality water (like 
withdrawals for human water supply, etc.) are contrary to the 
aspirations of a sustainable water future as stipulated by the 
dedicated Water Goal (no. 6) of the Sustainable Develop-
ment Goals (SDGs) (UNGA 2015). Thus, the consideration 
of sustainable health of freshwater bodies as ecosystems 
should also be in the centre of the water agenda instead 
of the hitherto overwhelming utilitarian focus. Therefore, 
freshwater ecosystem health is prerequisite to SDGs related 
to water.

Two targets (6.3 and 6.6) of SDG 6 are explicitly address-
ing freshwater ecosystem-related objectives, but also the 
remaining six targets of SDG 6 as well as targets 15.1, 15.5 
and 11.5 show the broad relevance of ecosystem health of 
freshwater systems in achieving the SDGs.

It is important to note that ecosystem protection and reha-
bilitation targets were set to be achieved by 2020 rather than 
2030 (targets 6.6, but also 15.1) as they were aligned with 
the targets and deadlines stipulated by the Aichi Biodiversity 
Targets of Strategic Plan for Biodiversity 2011–2020 of the 
UN Convention for Biodiversity (UNCBD 2011). No doubt 
healthy freshwater ecosystems facilitate the achievements 
of other water-related but also health, nutritional and other 
targets of the SDGs (UNGA 2015). However, we are already 

off the track to achieve SDG 6 including unfulfilled targets 
like the rehabilitation of aquatic ecosystems by 2020 (UN-
Water 2018).

Investments in the protection of water resources and, 
where necessary, restoration to improve the condition of 
degraded systems must be undertaken as part of an adaptive 
process. This process is underpinned by an agreed set of 
objectives. Monitoring and evaluation is an essential ele-
ment of the adaptive management process that is required 
to ensure that management interventions are successful and 
environmental objectives are met. However, implementation 
and success control of applied measures is not possible with-
out political will. In this respect, a fundamental paradigm 
change is needed to strengthen the ecological and societal 
parts of sustainability versus the hitherto practiced primacy 
of the economic dimension.

Freshwater ecosystems: the fundament 
of sustainability

Biodiversity is widely regarded as an implicit measure to 
indicate the integrity and healthy functioning of ecosys-
tems. Freshwater biodiversity is in serious decline (Dudgeon 
et al. 2006; Strayer and Dudgeon 2010). While freshwater 
ecosystems contain a disproportionately high biodiversity 
compared to most terrestrial systems, irrespective of the 
limited space they occupy (Tockner 2019), the Millennium 
Ecosystem Assessment (MEA 2005) and the IPBES Global 
Assessment (IPBES 2019) revealed that biodiversity decline 
in freshwater systems is occurring much faster compared 
to other ecosystem types. Their sustainability is compro-
mised together with their ability to provide, which, gener-
ally described as ecosystem services (ES), is similarly in 
decline. The present rate of annual extinction of all kinds of 
species (freshwater, terrestrial and marine) can serve as an 
indicator of biodiversity loss. This is at present more than 
tenfold higher than the estimated, scientific consensus-based 
respective planetary boundary (Rockström et al. 2009). The 
dramatic state of freshwater bodies, as the most vulner-
able ecosystems globally, is evident. In addition, ES have 
been considered as “services for free” for too long without 
accounting for the needs proper of freshwater ecosystems. 
Overexploiting freshwater ecosystems without the chance 
to regenerate themselves has led to massive deteriorations 
with major consequences for human health, livelihoods and 
biodiversity.

Deteriorating water quality also affects the quantity 
of water available for people, as a significant part of the 
resource can no longer be considered for higher value uses 
such as drinking water supply.

The coexistence between the needs of ecosystems and 
those of human society is central to the concept of envi-
ronmental flows, which describe “the quantity, timing and 
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quality of water flows required to sustain freshwater and 
estuarine ecosystems and the human livelihoods and well-
being that depend on these ecosystems” (Brisbane Decla-
ration 2007; Matthews et al. 2014). It has also prompted 
increased attention to the need for far greater alignment 
in the future between the processes of environmental flow 
assessment and the setting of water quality standards for 
aquatic ecosystems.

Where financial resources are available, considerable 
investments in catchment protection and restoration, in water 
quality improvements (Zhang and Wen 2008) and in envi-
ronmental flow provisions (Tharme 2003; Poff et al. 2010) 
have been made to reduce the risks to freshwater ecosystems 
and to protect drinking water sources. However, for coun-
tries which may still have the choice, a more precautionary 
and cost-effective approach would be required to identify 
and tackle the potential causes of degradation at their source 
rather than repeating the mistakes which led to major pollu-
tion of freshwater bodies, especially in developed countries 
(Vörösmarty et al. 2010). As prevention is usually more 
effective and considerably less expensive than remedial 
actions, continuing to follow the paradigm “impair and then 
repair” (Vörösmarty 2013), which characterized hitherto the 
water resources development, is neither wise nor sustainable.

Freshwater ecosystems: general indicators 
of ecosystem health

Water quality, biological and hydromorphological conditions 
of freshwater bodies do not only characterize the status of 
freshwater ecosystems per se, but reflect the prevailing situ-
ation in neighbouring terrestrial ecosystems and the interac-
tions between them as well (Allan 2004). As ultimate sinks 
in the landscape (through surface run-off and exchanges with 
groundwater bodies), freshwater ecosystems are excellent 
proxies to characterize the ecological health of entire river 
basins.

Utilitarian water quality guidelines (WQGs) classify 
water bodies according to the degree to which they can 
appropriately serve as a basis for human use, such as drink-
ing water,1 recreational use,2 irrigation,3 livestock4 and water 
reuse.5 Such guidelines and their supporting standards were 
established and subsequently embedded in national and 

international contexts during the twentieth century (e.g. 
Ayers and Westcot 1985; DeZuane 1997; WHO 2011). Com-
parable WQGs for ecosystems with a focus on ecosystem 
health of inland waters are still rare. These WQGs would 
provide an appropriate framework and basis for the remedia-
tion and monitoring of water bodies, towards freshwater eco-
system health and function, including the provision of eco-
system services (ES). WQGs and selected indicators will be 
important to assess whether countries are meeting the SDG 
targets 6.3, 6.6 and 15.1 set for the protection of freshwater 
ecosystems and the reduction of water pollution. Water qual-
ity standards for freshwater ecosystems consider ecosystems 
as “users” like other water use sectors with the right of water 
withdrawal, or in situ use. Next to their function as resource 
base, this attribute of freshwater ecosystems as “water user” 
with certain quantitative and qualitative requirements facili-
tates the integration of an ecosystem-based approach into 
water resources management.

As a primary instrument to guide and to monitor sustaina-
ble restoration/rehabilitation actions and environmental safe-
guards, water quality standards for ecosystems are necessary. 
For this reason, the consideration of “traditional” physico-
chemical water quality indicators is to be extended to include 
biological and hydromorphological indicators to provide a 
more comprehensive assessment of freshwater ecosystem 
health. Since this increases monitoring complexity, biotic 
indicators have become a core component of freshwater eco-
system health assessment since they respond to and indicate 
the overall water quality regardless of the type of pressure 
and stressor over longer time spans. To date, biotic indica-
tors have been especially integrated in freshwater assessment 
in the developed world (e.g. Wright 1995; Schofield and 
Davies 1996; Rosenberg et al. 1997; Barbour et al. 1999; 
Hering et al. 2010), but also increasingly in emerging econo-
mies and developing countries for instance in South Africa 
(DWAF 1996).

It is worth noting that the inclusion of biotic indicators 
also helps to assess the risks to water quality and has the 
added advantage that freshwater organisms are continuously 
exposed to stressors and therefore provide information over 
both long-term, but also sporadically occurring stressors.

This paper is based on the scientific report International 
Water Quality Guidelines for Ecosystems (IWQGES) pre-
pared in 2012–2016 as basis of the UN Environment pub-
lished “A Framework for Freshwater Ecosystem Manage-
ment” (FFEM) (UNEnvironment 2018). Being available as a 
report and missing from the scientific literature, its potential 
use by the scientific community would remain limited. Our 
aim was to review the main findings of the report and its 
recent uptakes for the academic community.

Four particular aspects, (1) the nexus of human well-
being and freshwater ecosystem health, (2) the distinc-
tion and interactions between pressures and stressors of 

1 http://www.who.int/water _sanit ation _healt h/dwq/guide lines /en/.
2 http://www.who.int/water _sanit ation _healt h/bathi ng/srwe1 /en/.
3 http://www.oecd.org/tad/susta inabl e-agric ultur e/water quali tyand 
agric ultur emeet ingth epoli cycha lleng e.htm.
4 http://www.fao.org/DOCRe P/003/T0234 e/T0234 E08.htm; http://
eur-lex.europ a.eu/legal -conte nt/EN/TXT/?uri=CELEX %3A319 
91L06 76.
5 http://ec.europ a.eu/envir onmen t/water /reuse .htm; http://www.unep.
or.jp/Ietc/Publi catio ns/Water _Sanit ation /waste water _reuse /.

http://www.who.int/water_sanitation_health/dwq/guidelines/en/
http://www.who.int/water_sanitation_health/bathing/srwe1/en/
http://www.oecd.org/tad/sustainable-agriculture/waterqualityandagriculturemeetingthepolicychallenge.htm
http://www.oecd.org/tad/sustainable-agriculture/waterqualityandagriculturemeetingthepolicychallenge.htm
http://www.fao.org/DOCReP/003/T0234e/T0234E08.htm
http://eur-lex.europa.eu/legal-content/EN/TXT/%3furi%3dCELEX%253A31991L0676
http://eur-lex.europa.eu/legal-content/EN/TXT/%3furi%3dCELEX%253A31991L0676
http://eur-lex.europa.eu/legal-content/EN/TXT/%3furi%3dCELEX%253A31991L0676
http://ec.europa.eu/environment/water/reuse.htm
http://www.unep.or.jp/Ietc/Publications/Water_Sanitation/wastewater_reuse/
http://www.unep.or.jp/Ietc/Publications/Water_Sanitation/wastewater_reuse/
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freshwater water bodies, (3) the proposed iterative adaptive 
frame to develop water quality guidelines for freshwater 
ecosystems and (4) the set of recommended benchmarks to 
delimit the ranges of good and unacceptable water quality 
status of freshwater ecosystems will be discussed.

The nexus of human well‑being and freshwater 
ecosystem health

Aquatic ecosystems are providing natural resources (among 
them fish and clean water are the primary ones), transporta-
tion, energy, dilution of pollutants and recreation (Naiman 
and Bilby 1998). As a result, very complex inter-relation-
ships between socioeconomic factors and the hydrological 
and ecological conditions of freshwater bodies have devel-
oped. Freshwaters need to be considered as part of coupled 
social–ecological systems where human benefits and ecosys-
tem health cannot be treated in isolation. As a consequence 
of this close relationship, the integrity of aquatic ecosystems 
is often challenged (Bartram and Balance 1996; US EPA 
2006).

Consequently, the inter-relationships between water and 
society should be modelled in one comprehensive concept 
of socioecological systems as exemplified in Fig. 1.

Due to their prominent role as basis for the societal 
development, inland waters are among the most altered 
ecosystems in the world. More than two-thirds of all large 
rivers are fragmented; reservoirs trap more than 25% of 

the total sediment load that formerly reached the oceans 
(Vörösmarty and Sahagian 2000). Out of the estimated 
40,000  km3 annual terrestrial water flux (aggregated 
stream flow and aquifer outflow to the oceans) (Trenberth 
et al. 2007), approximately 10% is withdrawn (Rockström 
et al. 2009). As a global average, around 70% of all water 
withdrawn is used for agricultural (mainly irrigation) pur-
poses (Wallace et al. 2003).

Riparian areas and the coastal zone are attractive for 
human settlements and economic activities. More than 50% 
of the global human population lives within 3 km distance 
to a water body; less than 10% of the population lives at a 
distance greater than 10 km from a water body (Kummu 
et al. 2011). For example, in Europe and Japan, about 50% 
of the population currently lives on (former) floodplains 
(Nakamura et al. 2006). River deltas have very fertile soils 
and are, therefore, among the most populated areas glob-
ally (e.g. deltas of the Ganges/Brahmaputra/Meghna, Nile, 
Rhine, Mekong, Irrawady and Yellow Rivers) (Ericson et al. 
2006).

Humans both benefit (as water users) and suffer (i.e. as 
flood victims) from their interaction with freshwaters. With 
their measures to increase benefits and to reduce potential 
losses, they have also profoundly altered inland waters. 
Inevitably most ecosystems are exposed to multiple human-
caused pressures. These led in many cases to stresses includ-
ing water pollution, flow modification, habitat degradation, 
overexploitation and introductions of alien species which 

Fig. 1  The conceptual framework of the socioecological system with freshwater ecosystem health in its centre. Source: UN Environment (2018) 
A Framework for Freshwater Ecosystem Management. Volume 4: Scientific Background
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became invasive (Allan and Flecker 1993; Malmqvist and 
Rundle 2002; Dudgeon et al. 2006).

Increasing pressures on water resources and the result-
ing stresses, along with a persistent lack of attention to the 
tight feedbacks between ecosystem functioning and human 
well-being, have led to an unprecedented deterioration of 
the hydromorphological, physico-chemical and biological 
state of freshwater bodies. It is becoming more and more 
evident that without adequate measures, such as continu-
ously improving wastewater treatment (WWT) schemes, 
recycling water in closed loops, regulating source-directed 
control (SDC) measures of pollution and applying innova-
tive and sustainable conservation strategies, many freshwa-
ter ecosystems, which still support human well-being, may 
collapse. Hence, there is an urgent need to establish water 
quality guidelines (WQGs) that help to define and safeguard 
healthy and to restore degraded freshwater ecosystems. The 
key challenge is to manage freshwaters systems as both a 
critical resource for humans and a highly diverse biotope.

In a world inhabited by more than seven billion peo-
ple (expected to reach around some 10 billion by 2050), 
a “humans-outside-nature” approach will simply not work 
and can even be considered unethical. Without question, 
aspirations of human well-being (as expressed in the mil-
lennium development goals (MDGs) and the sustainable 
development goals (SDGs), as well as other multilateral 
agreements) need to be aligned with oftentimes compet-
ing environmental objectives. This dual role of meeting the 

needs of humans and nature has been identified in the SDGs 
for water (SDG6), with parallel targets set for human well-
being, pollution control and ecosystem protection (UNGA 
2015).

Distinctions and interactions of pressures 
and stressors

The well-known drivers, pressures, states, impacts, 
responses (DPSIR) cycle is proposed to be extended with 
the additional “stressor” element (thus drivers, pressures, 
stressors, states, impacts, responses (DPSSIR) model) to 
emphasize the interface between the societal and freshwater 
subsystems shown in Fig. 2.

The extent to which anthropocentric activities influence 
ecosystems and their capability for service provision can 
best be captured through a drivers, pressures, stressors, 
states, impacts, responses (DPSSIR)-based assessment (as 
suggested in this paper and OECD 1993). The driver(s), the 
aspiration of human well-being, exert inevitable pressures 
on the supporting ecosystems. Whether or not an ecosystem 
can cope with these pressures depends on the nature of the 
pressures, their magnitude, intensity, duration, frequency 
and interactions and whether they are superimposed to act 
as stressors. The state of the ecosystem co-determines its 
capacity to absorb stressors without long-lasting conse-
quences. Healthy and diverse ecosystems are more resilient 
and therefore attenuate the effect of stressors.

Fig. 2  Linking the societal and 
freshwater subsystems and their 
causal chains of links. Source: 
Modified based on ISTAT, C. 
Costantino, F. Falcitelli, A. 
Femia and A. Tuolini (OECD 
Workshop Paris, May 14–16 
2003)
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Pressures are the consequence of human activities seek-
ing to satisfy various dimensions of human well-being. 
Pressures can, however, reach levels which cannot be com-
pensated by the “natural resilience” of the respective ecosys-
tems. Consequently, their functions are impacted and they 
start to deviate from their “healthy state”. Thus, the pres-
sures become sources of stress. Several pressures may aggre-
gate and cause stress or one type of pressure might cause dif-
ferent kinds of stresses, which are directly relevant for inland 
surface water bodies. Thus, pressures are conceptualized in 
association with human use, whereas stressors refer to the 
water bodies, epitomizing the negative impacts of potentially 
aggregated effects of pressures to the supporting freshwater 
ecosystems. This distinction was introduced to account for 
the “two sides of the coin” of exploiting ecosystem service 
for (increasing) human well-being.

An illustrative matrix of pressure/stressor relationships 
is presented in Table 1. The selection of strong or indirect 
relationships between pressures and stressors is indicative 
and refers to general conditions. Modifications are possible 
depending on case-specific situations.

Pressures

Pressures such as water withdrawals for domestic, indus-
trial, mining, agricultural and energy generation (cool-
ing water) purposes and the subsequent discharge of used 
(waste) waters, but also fisheries, aquacultures as well as 
sand, gravel and other mineral removal from rivers and lakes 
constitute extractive and potentially discharge pressures. 
Hydropower generation and navigation are typically in situ 
pressures, while transport infrastructure, traffic, terrestrial 
biomass production, urbanization and recreation, but also 
security requirements against water-related hazards, can be 
classified as riparian/basin-scale pressures. Climate variabil-
ity and climate change as well as various aerosols and depo-
sitions constitute additional, global-scale pressures through 
the easy connectivity through the atmosphere.

Climate change is an unwanted by-product of activities 
conceived to increase multiple dimensions of human well-
being. The 5th IPCC Assessment (2014) had a dedicated 
chapter on terrestrial and inland water systems. The assess-
ment concludes that direct human impacts such as land use 
and land cover change, water pollution and water resource 
development will continue to dominate the threats to most 
freshwater ecosystems over the next three decades (Settele 
et al. 2014). Climate change will exacerbate many of these 
pressures, thus showing how combinations of increasing 
pressures could contribute to worsen several stressors. Ris-
ing water temperatures are likely to lead to shifts in freshwa-
ter species distributions and worsen water quality problems, 
especially in those systems with high anthropogenic nutrient 
loading (Settele et al. 2014).

Land use alteration and its inherent land cover change are 
the consequence of multiple human activities along shore-
lines or within the catchment. They might impede fresh-
water ecosystems through increased sedimentation, nutrient 
enrichment, contaminant pollution or hydrological altera-
tion. Agriculture and deforestation are the dominant land use 
changes globally. Urban land use, while increasing, typically 
covers a smaller percentage of catchments. Indeed, land use 
pattern and human density in the catchment often serve as 
suitable surrogate warning indicators of freshwater condi-
tions, acting as a general index of human disturbance. The 
proportions of cropland and urban area as well as the state 
of the riparian zones are probably the most effective proxies 
reflecting the environmental state of freshwater ecosystems 
(Bunn et al. 1999; Peterson et al. 2011).

Stressors

Stressors are understood as concrete and ultimately nega-
tive manifestations of pressures on inland waters such as 
construction of water infrastructure (dams, barrages, sluices, 
ports, dykes, groins or other types of artificial obstacles 
within water bodies), alteration of flow and water levels 
(through withdrawals, discharges, backwater effects, hydro-
power generation and the operation of water infrastructures), 
modification of aquatic habitats (dredging, mining, river 
training), overexploitation of aquatic resources, biological 
water pollution such as the emergence of invasive alien spe-
cies but also that of pathogens and genetic modifications 
in freshwater ecosystems, chemical and thermal pollution 
(mainly through the discharge of wastewater and returning 
cooling water).

For example, whether a freshwater body is overexploited 
(thus exposed to the stressor “overexploitation”) depends 
mainly on aggregate effects of (usually increasing) pressures 
emanating from various water uses (withdrawal, wastewater 
discharge), gravel and sand removal, fishing and aquacul-
tures, dense human population (settlements and recreation) 
and indirectly through climate change as an additional lim-
iting factor of ecosystem resilience. As such, through its 
increasingly negative consequences, the evolving climate 
change could also become a “stand alone” stressor, even if 
freshwater bodies were unaffected by other stressors.

Water infrastructure

Infrastructure developments including dams, levees, port 
and harbour infrastructures, bridges and other engineering 
structures located in or constraining water bodies are usu-
ally stressors which modify water flow, lateral and longitu-
dinal connectivity and hydromorphology with potentially 
harmful effects on freshwater species since they often 
cannot adapt to these abruptly introduced changes (Allen 
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et al. 2012; Smith et al. 2014). Water infrastructures can 
negatively influence both upstream and downstream water 
uses as well.

The construction of dams has already profoundly altered 
the character and condition of rivers and other wetland eco-
systems. By the end of the twentieth century, over 58,000 

large dams (dam height: > 15 m) had been constructed glob-
ally across more than 140 countries (WCD 2000).

Although dams were mainly built in the developed coun-
tries in previous decades, the trend to plan and build dams 
and hydropower facilities has clearly shifted (Zarfl et al. 
2015 and Grill et al. 2019). Given the growth in human 

Table 1  Pressures and stressors relevant for inland surface waters

Pressures exert their influence on water bodies through hydraulic structures and river training, withdrawals, discharges, seepage through ground 
water bodies, atmospheric deposition, rainfall and radiation
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population, economic development and the rapid rise in 
energy demand, this stressor is most likely gaining in impor-
tance. Indeed, within the next 10–20 years, hydroelectricity 
production will almost double, thus shaping the global river 
network considerably.

Many of the basins where such development is planned 
are also significant in terms of their conservation assets and 
ES values (Opperman et al. 2015).

Flow alteration

Hydrology is considered the “master variable” in inland 
waters (Poff et al. 1997; Jackson 2006). Flow alteration may 
be defined as “any anthropogenic disruption to the mag-
nitude or timing of near-natural stream flows” (Rosenberg 
et al. 2000). Such changes in the magnitude and pattern of 
flows (or water levels), caused by the storage, regulation, 
diversion and/or extraction of surface and groundwater, 
are one of the primary contributors to the degradation in 
riverine ecosystems (Postel and Richter 2003). The physi-
cal (hard) and so-called soft (e.g. altered thermal regime) 
barriers created by water resources infrastructure fragment 
aquatic systems, blocking species movements between habi-
tats and during migration, disconnecting rivers from their 
floodplains and associated wetlands and changing tempera-
ture, nutrient and sediment gradients and other processes 
(e.g. delta formation) needed for life cycle activities such 
as fish spawning. In addition to such effects due to water 
management, climate change and its adaptation responses, 
such as increased water storage, may also profoundly impact 
the hydrological, thermal, nutrient and sediment regimes of 
water bodies.

About 20–25% of continental run-off and about 25–30% 
of the total global sediment flux in rivers are now held 
behind reservoirs (Vörösmarty et al. 2003, 2004). Global 
fragmentation of rivers by such hydrological alteration is 
well documented. Nilsson et al. (2005) showed that 59% 
of the world’s large river systems (accounting for 60% of 
world run-off) were fragmented by flow regulation and 
channel fragmentation associated with dams, including the 
world’s eight biogeographically most diverse systems. More 
recently, Lehner et al. (2011) report that 50% of the length 
of all rivers with discharge > 1000 m3 s−1 is impacted. They 
estimate that a combined storage capacity of approximately 
8070 km3 may exist worldwide, increasing Earth’s terrestrial 
surface water area by more than 305,000 km2. Some 65% of 
continental discharge is considered under moderate to high 
threat in terms of human water security and biodiversity 
(Vörösmarty et al. 2010).

By substantially changing the natural patterns of river 
flow and blocking the movements of fish and other biota, 
large dams, in particular, have severely disrupted the natu-
ral food production systems of rivers (e.g. fisheries, flood 

recession agriculture). This diminished food security has 
placed large downstream populations and their livelihoods 
at considerable risk (Richter et al. 2010).

More than half of all rivers globally are temporary, mean-
ing that they fall dry at the surface for given periods of time; 
more permanent rivers are expected to turn temporary in 
the future due to climate change and overexploitation. The 
transformation of permanent to temporary waters funda-
mentally alters biodiversity and ecosystem processes. Flow 
intermittency per se is not necessarily a stressor in water 
courses having this phenomenon as a natural feature; how-
ever, human-caused alteration of flow regimes is frequently 
associated with other stressors such as water pollution and 
species invasion (Acuna et al. 2014).

Climate change-induced changes in precipitation will 
substantially alter important attributes of flow regimes in 
many rivers and wetlands and increase impacts from human 
water use in developed river basins (Döll and Bunn 2014). 
Around the world, changes to flow regimes resulting from 
shifts in precipitation and evaporation patterns have already 
been documented (Rosenzweig et al. 2008).

Modification (degradation) of aquatic habitat

Habitat degradation is a frequent stressor on all inland 
waters. For example, more than 50% of all wetlands have 
been lost worldwide (Finlayson and D’Cruz 2005). Large-
scale losses of habitat are expected to continue, particularly 
in the developing world, as inland water systems are further 
modified to provide electricity, water for irrigation, drinking 
water and sanitation services. Turning navigable rivers to 
waterways is done at the expense of natural flow conditions 
and massive changes in the morphology of the river bed.

Changes in land cover increase sedimentation, enrich 
nutrients, alter flow and lead to a decline of riparian areas 
(Allan 2004). In rivers, increased erosion following defor-
estation and other land use change can lead to inputs of 
sediment that decrease light penetration, clog the bottom 
habitat and disrupt the overall functioning of the ecosys-
tem. In small Amazonian streams, clearing of tropical for-
est and conversion to pasture has been shown to change the 
biogeochemical and hydraulic characteristics of the system 
(Neill et al. 2006). At the extreme, whole mountaintops are 
removed for mining operations and the resulting dredge 
material is disposed of in nearby valleys, burying entire 
streams (Palmer et al. 2010).

Subtler degradation of aquatic environments is also 
commonplace. For instance, removal of wood debris from 
streams and lakeshores facilitates navigation and human 
recreation, but at the cost of simplifying the habitats. This 
can adversely affect populations of fish and other aquatic 
organisms.
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Overexploitation

Overexploitation refers to both overstressing water bodies 
in their function to provide ecosystem services, but also to 
excessive withdrawals and extraction of mineral resources. 
Overexploitation may affect ecological processes and bio-
diversity including evolutionary processes. Although it is 
difficult to determine the status of inland fisheries, there are 
strong indications that inland water bodies in most parts of 
the world are overexploited in this regard (Kura et al. 2004; 
Dugan et al. 2007).

Biological water pollution

Biological water pollution refers to invasive alien species 
and subspecies of plants and animals occurring outside of 
the range they occupy naturally or could not occupy without 
direct or indirect introduction or care by humans. Although 
the majority of alien species cause no immediate harm, some 
of them spread very rapidly as facing no natural enemies in 
the new environment. As competitors for food and habitat 
invasive species can harm biological diversity, human health 
economics and aesthetics.

Primary forms of biological pollution include deliber-
ate introductions of species, aquaculture escapees, inter-
basin water transfers, ballast water from vessels, canals and 
releases from aquaria, gardens and bait buckets (Strayer 
2010). Deliberate introductions occur for a variety of rea-
sons—primary among these is the commercial or recrea-
tional harvest of the introduced species and biological con-
trol of other previously introduced species.

Species invasion may lead to faunal homogenization, alter 
ecosystem processes and, in some cases, cause the extinction 
of native species (Rahel 2000; Olden et al. 2008).

Beyond invasive species, the category of biological water 
pollution includes the occurrence of pathogens and para-
sites, threatening humans (Conn 2014) and aquatic species 
(Ashander et al. 2012; Meyer et al. 2015; Spikmans et al. 
2013) and effects on the genetics of native species through 
escapees of captive bred stocks of, for example, fish (Baskett 
et al. 2013).

Chemical water pollution

Freshwater ecosystems suffer from the input of both nutri-
ents and toxic chemicals due to human activities. Both 
nutrients and other types of chemical pollution stem from 
human waste and untreated human wastewater. Crop produc-
tion involves the application of large amounts of nitrogen 
and phosphorus fertilizers in order to augment the yield. A 
portion of these nutrients run-off to rivers and lakes, where 
they can cause overgrowth of both plankton and aquatic 
plants. Emissions from cars, power plants and industry also 

contribute to nutrient loading. These emissions disperse in 
the atmosphere and long-distance atmospheric transport 
of nutrients has elevated inputs of nitrogen even in remote 
freshwaters that appear pristine. Near population centres, 
phosphorus from wastewater is a problem that requires soci-
etal investments in proper treatment technologies and control 
of inputs. Agriculture is responsible for excess non-point 
source pollutions.

Harmful chemicals are also a widespread threat to human 
and natural uses of freshwaters. Contaminants such as pes-
ticides, fungicides, microplastic particles, heavy metals, 
pharmaceuticals and organics can reduce water quality to 
the point where rivers and lakes can no longer support a 
full complement of species and can even become unsuit-
able as source for high-quality water uses. For instance, acid 
rain arising from emissions of sulphur and nitrogen oxides 
was an acute problem in lakes and rivers of eastern North 
America and Europe until emissions controls became obliga-
tory (Malmqvist and Rundle 2002). Highly acidic run-off 
continues to be problematic downstream of abandoned mine 
sites, making these streams uninhabitable for most species. 
A growing list of man-made chemicals used in industry and 
home products have been found in aquatic ecosystems, and 
scientists are still struggling to understand their prevalence 
and impact. Some of these disrupt the endocrine system of 
freshwater animals and people (Jobling et al. 1998; Mills 
and Chichester 2005); for instance, intersex fish possessing 
both male and female characteristics have been found in all 
nine of the large river basins sampled in the USA (Hinck 
et al. 2009).

Water quality is, moreover, expected to decline in some 
basins due to higher pollutant loads from heavy precipita-
tion events, overflow of wastewater treatment plants during 
extreme rainfall and greater volume of withdrawal from low-
quality sources (Kundzewicz et al. 2008).

In recent decades, net-cage aquaculture has become one 
of the main patterns of the intensive fish culture in lakes/
reservoirs in several countries (i.e. Indonesia, China, Ethio-
pia and the Philippines). Net-cage aquaculture is considered 
one of the major stressors on lake water quality. Organic and 
nutrient loading from excess feed and fish waste to lakes has 
resulted in organic accumulation in the sediment and lake 
water quality deterioration and accelerated the process of 
lake eutrophication and toxic cyanobacterial bloom (Guo 
and Li 2003; Hallare et al. 2009).

Thermal water pollution

Temperature influences the biology of every organism. 
Most aquatic organisms are adapted to a specific tempera-
ture range, outside of which temperatures become stressful 
and ultimately lethal. For example, the optimal temperature 
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range for rainbow trout is between 13 and 15 °C, with the 
lethal maximum of 24.3 °C (Bear et al. 2007).

Thermal water pollution refers to an artificial increase or 
decrease in the temperature of a water body as a result of 
human activities (Kennedy 2004). Effects include lethal or 
sub-lethal effects of individual organisms and their devel-
opment, adult migration, competition with non-native spe-
cies (Riis et al. 2012) and the relative risk and severity of 
disease (Karvonen et al. 2010). Temperature also influences 
the capacity of water to hold dissolved oxygen (DO), which 
again affects aquatic organisms in various ways (Kennedy 
2004). Specifically, in temperate lakes, thermal water pollu-
tion during winter was shown to be stored in the deep water 
column until the next winter. Accordingly, winter thermal 
water pollution can have a long-lasting negative effect on 
lake ecology (Kirillin et al. 2013).

Thermal water pollution (in the sense of the artificial tem-
perature increase of recipient water bodies) is strongly asso-
ciated with cooling water discharge, first and foremost from 
various types of power plants. Given the expected growth 
of energy demand on a global-scale, thermal pollution will 
increasingly become a concern. As the temperature of water 
bodies should not exceed certain thresholds to remain sup-
portive for aquatic life, it is frequently the case that power 
plants need to shut down or curtail their power generation 
during summer periods as well as in the light of the climate 
change-driven increase in water temperature (van Vliet et al. 
2012).

A less common form of thermal water pollution involves 
the release of cold water from reservoirs into warmer receiv-
ing water bodies. This occurs, for example, in Australia 
when cold water from reservoirs is released for irrigation 
purposes. If the water is released from the bottom of the 
reservoir, it can be considerably colder than the water in 
the receiving water body. The effects of cold-water pollu-
tion can be similar to that of warm-water pollution, but it 
has no negative impact on the water’s DO holding capacity 
(Kennedy 2004).

Climate change-induced air temperature shifts are alter-
ing surface water temperatures in many temperate lakes, 
resulting in reduced periods of ice formation and the earlier 
onset and increased duration and stability of the thermocline 
during summer (Winder and Schindler 2004). These changes 
are projected to favour a shift in dominance to smaller phy-
toplankton and cyanobacteria (Settele et al. 2014). There is 
widespread evidence of rising temperatures (caused, at least 
partially by climate change) in streams and rivers over the 
past few decades, and this has been linked to shifts in inver-
tebrate and fish community composition. These phenomena 
indicate how closely the different stressors are intertwined.

Scientific and policy responses

As a response to the above outlined stressors and their likely 
trends a sustained, global response is required to halt the 
ongoing losses of freshwater species and the degradation 
of freshwater ecosystem health. There is the risk of losing 
many services provided by aquatic ecosystems as well as the 
richness of biodiversity that they support. In response, soci-
ety must devise strategies that leverage scientific understand-
ing to reduce threats in ways that both protect aquatic biodi-
versity and enhance human well-being (see, e.g. Engloner 
et al. 2019).

The actions needed to counter these threats are often 
quite obvious. For instance, requiring adequate flow below 
dams or the complete decommissioning (removal) of dams 
is relatively simple solution to the suite of problems arising 
from damming rivers. However, resource limitations and 
human needs limit the range of feasible approaches, making 
it imperative to prioritize actions. Science-based, systematic 
methods for conservation and restoration planning applied to 
freshwater ecosystems at national and regional levels have 
advanced greatly in recent years (Nel et al. 2009). However, 
further work is needed, particularly to guide prioritization 
at continental and global levels. Large-scale datasets on spe-
cies, ecosystems, drivers and threats (i.e. Freshwater Ecore-
gions of the World,6 DIVERSITAS,7 BioFresh,8 GEOBON9 
and the IUCN Red List of Threatened Species10) are already 
helping to make this goal achievable.

In responding to threats, narrowly focusing on what has 
changed in the last few 100 years and simply trying to 
reverse these changes is unlikely to be productive or pos-
sible. This is particularly pertinent in planning responses 
to climate change because it has the potential to com-
pletely change the context within which near-natural sys-
tems currently operate in the coming decades. Responding 
effectively to climate change in the context of freshwater 
ecosystem health requires reconceptualizing of what we 
perceive as natural systems and the actions that must be 
taken to conserve or rehabilitate them. For example, spe-
cies’ ranges may shift due to a changing climate. Through 
this adaptation process, competition between species may 
intensify as native species adjusting to a changing planet. 
New approaches to “climate-aware” water management are 
required in many basins across the globe as are governance 
structures with sufficient capacity and authority to deliver 

6 http://www.world wildl ife.org/pages /fresh water -ecore gions -of-the-
world --2.
7 http://www.diver sitas -inter natio nal.org/.
8 http://proje ct.fresh water biodi versi ty.eu/.
9 http://geobo n.org/.
10 http://www.iucnr edlis t.org/.

http://www.worldwildlife.org/pages/freshwater-ecoregions-of-the-world--2
http://www.worldwildlife.org/pages/freshwater-ecoregions-of-the-world--2
http://www.diversitas-international.org/
http://project.freshwaterbiodiversity.eu/
http://geobon.org/
http://www.iucnredlist.org/
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that management (Matthews et al. 2009). Flexibility and 
adaptability, also in human endeavours, will be needed, as 
water managers will have to deal with ever greater climatic 
and eco-hydrological uncertainty (Milly et al. 2008; Mat-
thews and Wickel 2009).

The stressors shown in Table 1 refer directly to the respec-
tive water body (freshwater ecosystem or part thereof), 
affecting it as point or non-point source influence. Stress-
ors thus translate pressure(s) into specific and potentially 
negative consequences in or on water bodies. These can be 
characterized by

1. measuring the magnitude, spatial location, extent and 
duration of stressors,

2. describing the state of the respective water body which 
was exposed to the stressor(s) and

3. quantifying the impact of the stressor through the change 
of state (if the status prior to the stresses were known), 
as a consequence of the stressor(s).

Stressors, state(s) and impacts can be measured (and 
monitored) by means of direct and indirect indicators. Indi-
cators can be associated with a single or several stressors. 
They measure either the attributes of a stressor directly (e.g. 
phosphorus or nitrogen load) or characterize the state of 
the water body (e.g. its trophic state). Thus, indicators are 
either stressor or state related. In general, indicators can be 
grouped into three main categories, namely

• hydromorphological indicators,
• physico-chemical indicators and
• biological indicators,

with further subdivisions.
The selection of indicators and the respective monitoring 

techniques employed depend largely on the water body type 
(although resource constraints also come into play). Three 
main water body types: lentic (lakes, reservoirs), lotic (rivers 
and streams) and palustrine wetland ecosystems, have been 
distinguished. Flowing waters are further subdivided into 
permanent and temporary and into wadeable and non-wade-
able streams and rivers. The proposed stressors of freshwater 
ecosystems can primarily be characterized and monitored 
by a number of direct indicators, as listed in Table 2. In 
case indirect indicators are applied, biological indicators 
are preferred because they reflect the alteration of freshwa-
ter habitats and biodiversity due to the aggregate effect of 
potentially several stressors.

Hydromorphological indicators are essential to charac-
terize the physical environment, whether it is supportive of 
aquatic life. There are two major drawbacks to generalize 
this sort of indicators. They depend on whether the upper, 
middle or lower reach of watercourses (or transitional zones) 

is concerned. Furthermore, the size of the water course mat-
ters as well.

An interesting linkage of the groups of biological, phys-
ico-chemical and hydromorphological indicators with the 
classification of different statuses of the respective water 
bodies is shown in Fig. 3. This classification, which is based 
on the EU Water Framework Directive (EC 2003), shows 
both a sort of hierarchical ordering of different kind of indi-
cators and the role of the ultimate comparative decisions 
classifying the water bodies into one of the proposed eco-
logical status categories.

Both Table 2 and Fig. 3 emphasize the primordial rel-
evance of biological indicators for characterizing ecosystem 
health of freshwater bodies. Despite their importance, bio-
logical indicators unfortunately cannot be easily generalized. 
While the presence and reproduction of salmonids in cold 
freshwater bodies are a sign of their good status, this metric 
does not apply for example in tropical zones.

Figure 3 establishes a sort of hierarchy among the three 
categories of indicators. Given the above outlined difficulties 
with both biological and hydromorphological indicators, the 
physico-chemical indicators remain as the “least common 
denominator” type of indicator. After all, high level of dis-
solved oxygen or low nutrient concentrations can generally 
be used to characterize water quality, and (at least) implicitly 
freshwater ecosystem health.

How to establish a general water quality guideline 
(WQG) for freshwater ecosystems

A general WQG is to be developed to accommodate the 
broad context of climatic, biogeographic and hydromor-
phological conditions of individual freshwater ecosys-
tems. These characterizations should be all-encompass-
ing, yet not overly complex or unnecessarily detailed. It 
should be kept in mind that every standard, parameter and 

Table 2  Stressors of freshwater ecosystems and the respective types 
of direct indicators affected

Stressors Indicators

Physico-
chemical

Biological Hydro-
morpho-
logical

Water infrastructure X X X
Flow alteration X X X
Modification of aquatic habitat X X
Overexploitation X X
Biological water pollution 

(invasive species)
X

Chemical water pollution X X
Thermal water pollution X X
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monitoring requirement may have serious and long-lasting 
costs and capacity implications. Professional and institu-
tional engagement and their respective budgetary support 
are likely to be present in the decades-long cycles of adap-
tive water resources management. Therefore, a modular, 
stepwise option for identifying indicators and monitor-
ing practices is envisaged, thereby enabling an adaptive 
implementation of assessment and remediation schemes. 
The proposed adaptive water quality assessment and man-
agement approach as shown in Fig. 4 is composed of four 
main phases:

1. Initiation phase Definition of the study area for which 
the guidelines will be used and setting of objectives cov-
ering Steps 1–3.

2. Identification phase Collecting and optimizing the use of 
existing data, knowledge and information covering Step 
4.

3. Assessment Phase Collection of new data and assess-
ment of prevailing conditions and trends, framework set-
ting for classification, selection of indicators, monitoring 

and evaluation of the data including reporting covering 
Steps 5–7.

4. Policy Development Phase Integrating the guidelines 
into adaptive management and governance frames and 
setting priorities for further assessment and management 
of freshwater ecosystems covering Steps 8–9.

These four phases are subdivided into nine steps (in some 
cases with further subdivisions). In addition, the whole pro-
cedure is conceived as an adaptive management loop with 
a regular feedback, potential modification and subsequent 
re-run of Steps 1–9. Once the cycle is completed the origi-
nal statement: “Need for Ecosystem Improvement” changes 
to a, from here onwards repeated question: “Is there still a 
Need for further Ecosystem Improvement?”. In Step 5, the 
description “indicators of concern” stresses the importance 
to select the relevant indicators only for further monitoring. 
Thereby, the number of parameters to be observed could 
be reduced. Steps 6 and 7 have to be revisited in short-term 
(annual) cycles. The entire cycle (Steps 1–9) needs to be 
revisited in 5–10 years.

Fig. 3  Indication of the relative roles of the biological, hydromorphological and physico-chemical quality indicators in ecological status classifi-
cation according to the normative definitions of the EU WFD. Source: EC (2003)
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Beyond this recommended, approximately decadal 
review of the 4-phase 9-step smaller iterative cycles should 
be envisaged and implemented more frequently. For exam-
ple, revising ecosystem health class assignments in Step 5c 
if evaluation and reporting of monitoring results in Step 7 
should prove their infeasibility.

Moving from Tier 1 towards Tier 2 approaches (Steps 5A 
and 5B in Fig. 4), the diagnostic capability and confidence 
in the conclusions increase. The decrease of uncertainty, 
however, is associated with higher costs and more sophisti-
cated technical requirements. There are obvious trade-offs 
among these factors.

It is worth to notice that the adaptive scheme as shown 
in Fig. 4 was adopted, modified and recommended by UN 
Environment in its FFEM (2018) for widespread use. Fig-
ure 5 shows this 4-phase 12-step model. The biggest dif-
ference between the original and the modified adaptive 
approach is in phase 4 where, compared to Fig. 4 and Fig. 5 
refers explicitly to steps of success control and the introduc-
tion of potential modifications.

Benchmarks to characterize the health of freshwater 
ecosystems

The fundamental scientific and policy task of water man-
agement programmes is to set thresholds to distinguish 
“good” (acceptable/desirable) from “bad” (unacceptable/

undesirable) conditions. In general, these thresholds 
demarcating acceptable from unacceptable chemical, 
physical and biological conditions are referred to as 
benchmarks. From an ecosystem perspective, it is impor-
tant to set high integrity (i.e. natural or close to natural 
conditions) as an aspirational goal. This reflects a societal 
objective of maintaining biodiversity and protecting key 
ecological processes. There is hardly any disagreement 
that where possible the lowest benchmark for ecosystem 
protection should still correspond with a quality status that 
supports a balanced, integrated and adaptive community of 
organisms having a composition and diversity comparable 
to that of the natural habitats of a region (Frey 1975).

In some regions, it may be still possible to set upper 
targets relative to a certain “reference” condition (RC), a 
condition undisturbed by human activities that can serve 
as an anchor point for comparison, such as applied in 
the Australian River Assessment System (AUSRIVAS) 
(Schofield and Davies 1996) and the River Invertebrate 
Prediction and Classification System (RIVPACS) (Wright 
1995). This of course assumes that there are places in the 
landscape that have been relatively free from intensive 
human activity or there is historical information available 
to reflect conditions prior to human influence. For some 
water quality indicators, such as pesticides or other novel 
compounds, it can be assumed that the reference value 
was “zero”. Similarly, for biological indicators such as the 

Fig. 4  Overview of the proposed adaptive approach with 4 phases and 9 steps
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percentage of alien species, we can assume that a reference 
value was also “zero”.

Such RCs do not necessarily have to constitute an attain-
able target condition, but they provide transparency about 
how far an ecosystem has departed from its natural state. 
This information helps setting realistic restoration targets in 
areas of widespread human disturbance. In contrast, setting 
a low target would concede that it is acceptable if ecosystem 
health is simply maintained above some minimum value and 
this would in consequence increase the risk of further biodi-
versity loss and diminished ES.

Figure 6 provides an example of how the range of accept-
able and inacceptable conditions for a given ecosystem 

might be characterized. Setting benchmarks for high ecosys-
tem integrity (Category 1) and for extreme impairment (Cat-
egory 4) provide important “anchor points” for condition 
indicators. In this scheme, RC (if known) would be “extreme 
left” at the upper limit of Category 1. The lowest benchmark 
would be the upper threshold of Category 4. Above this 
level, the ecosystem, which is in a “highly disturbed” state 
may still support some higher multi-cellular life forms. In 
the case of water quality parameters, the benchmarks demar-
cating Category 4 would be values known to be acutely toxic 
to algae, invertebrates and/or fish. For biological indicators, 
such as species richness or diversity, these would be values 
near zero.

Fig. 5  The 4-phase 12-step 
model of the framework of 
freshwater ecosystem manage-
ment (UN Environment 2018)

Fig. 6  Categories of freshwater ecosystem quality. The dotted and dashed bars indicate the two benchmarks discussed in the text
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However, thresholds of concern between these two 
extremes that would trigger management actions if reached 
(illustrated between the dashed and dotted vertical lines in 
Fig. 6) need to be established. These benchmark levels are 
also sometimes called “thresholds of concern” in the respec-
tive scientific literature. They may serve also to separate 
subcategories and indicate success or failure (or lack) of 
rehabilitation efforts.

Setting appropriate upper target values is not always 
straightforward given the often irreversible damages that 
have been inflicted upon the landscape. Accommodations 
must be made to account for these changes while provid-
ing for setting best attainable ecological conditions in cur-
rent circumstances and best practices for remediation and 
management.

By comparing the proposed four categories with the well-
known classification scheme, the biological condition gradi-
ent (BCG) (US EPA 2011) is shown in Fig. 7 similarities and 
also emphasizes the factor exposure to stressors.

Proposed physico‑chemical benchmarks 
to characterize high ecosystem integrity 
and extreme impairment, respectively

Table 3 provides freshwater benchmark values for physi-
cal and chemical indictors which are indicative of high 
ecosystem integrity and extreme impairment, respectively. 
Biological benchmarks, as indicated earlier, are essential to 
final assessment of freshwater ecosystem health status. How-
ever, they cannot be advised on the basis of different guide-
lines developed under diverging climatic and hydrological 

regimes. Even physico-chemical benchmarks may vary con-
siderably due to different natural conditions which heavily 
influence dissolved oxygen levels, temperature or even pH 
value of the water. The criteria and standards in the fol-
lowing countries and regional agencies are considered for 
comparison: Australia/New Zealand, Canada, China, EU, 
Japan, South Africa, United Nations Economic Commission 
for Europe (UNECE) and the USA.

The first benchmark value will separate ecosystems of 
high integrity (Category 1) from other ones. The second 
benchmark demarcates the lower end of the quality con-
tinuum where water quality severely constrains the existence 
of most forms of multi-cellular life and ecological structure 
and function (Category 4). Values to demarcate the differ-
ence between minimally to moderately disturbed ecosystem 
states (Category 2) and highly disturbed ecosystems (Cat-
egory 3) represent intermediate thresholds that should be 
subject to more specific considerations because of locally 
relevant physical, chemical and hydromorphological condi-
tions and management objectives.

The proposed benchmark values for the selected physico-
chemical indicators are summarized in Table 3. These values 
are based on internationally and nationally established cri-
teria and standards to protect highly intact freshwater eco-
systems and to characterize severe ecosystem degradation, 
respectively. As in the EU WFD only environmental quality 
standards (EQS) for priority pollutants are established, the 
numerical values of the UK standards are used for com-
parison of other indicators. The proposed benchmarks are 
close to the median values of the criteria and standards in 
the guidelines considered. See the Supplementary Material 
for background information and an overview of criteria and 
standards which are considered for arriving at the proposed 
IWQGES benchmark values. Further details are available 
in Annex 3 of Volume 4 of FFEM (UN Environment 2018).

Ever since the compilation of the report IWQGES in 2016 
and the publication of FFEM (UN Environment 2018), the 
importance of water quality guidelines for freshwater eco-
systems became more and more relevant. In this part of the 
paper, recent publications will be analysed to trace whether 
and how far the above-mentioned background documents 
contributed to emerging scientific assessments of freshwa-
ter ecosystem health. As SDG 6, the dedicated water goal 
(UNGA 2015) contains explicit targets for improved water 
quality and biodiversity preservation and rehabilitation; it 
was expected that this intergovernmental mandate will inevi-
tably trigger research on assessment of the status quo and on 
indicators which may enable measuring progress towards the 
achievement of the goals and respective targets.

Another benchmark event in 2015 with relevance to the 
health of freshwater ecosystems was the UNFCCC Confer-
ence of the Parties (COP21) held in Paris. The outcome 
document, the Paris (Climate) Agreement stipulated that the 

Fig. 7  The biological condition gradient and the proposed ecosystem 
health categories. Source: Modified from Davies and Jackson (2006) 
and US EPA (2011)
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atmospheric temperature increase over the average which 
prevailed before the industrial revolution should be lim-
ited to 2° (but preferably should remain below 1.5°). This 
requirement implies drastic reduction and ultimately  CO2 
neutral energy generation.

In order to satisfy the increasing (clean) energy demand 
of the world (which would be needed to reach other SDG 
goals), the massive development of all kind of renewable 
energy sources is inevitable. Zarfl et al. (2015) reported 
increased dam building worldwide. Due to the inherent 

fragmentation of streams, this development does not augur 
well for freshwater ecosystem health. This concern was ech-
oed during the Science panel session of the recent 3rd Buda-
pest Water Forum held in October 2019. It was cautioned 
that freshwater biodiversity could be the first victim of the 
Paris Agreement of 2015 (Tockner 2019). Therefore, other 
renewables such as solar, wind and biogas must be urgently 
considered and supported.

Even the water–energy–food security nexus, which was 
championed by the respective Bonn Conference in 2011 

Table 3  Proposed IWQGES physico-chemical benchmarks for freshwater ecosystems

Annual average total concentrations, unless indicated otherwise
a Natural sources and geographical conditions may cause natural background values that differ from the benchmarks for high integrity. Instead of 
these benchmark values, natural background concentrations may be used for setting criteria for high integrity
b Dissolved oxygen concentration varies depending on temperature, pressure and salinity; benchmarks are for freshwater at sea level (760 mm 
Hg) and 20 °C based on the DO %
c Daily average
d Applicable for waters with low hardness (< 60 mg/l  CaCO3). In case of higher hardness, the benchmark values may be somewhat higher
e Corresponding total ammonia  (NH3 + NH4+) concentration depends on pH and temperature. At pH 7.5 and 20 °C, the benchmarks for total 
ammonia-N are 1000 μg/l and 6641 μg/l, respectively

High integrity (category 1)a Extreme impairment (category 4)

Dissolved oxygen saturation (%) 80–120 < 30 or > 150
Dissolved oxygen concentration (mg/l) 7.3–10.9b < 3 or > 13.6b,c

(Optional)  BOD5 (mg/l) < 3 > 10
Total phosphorus (TP) (μg/l)
 Lakes and reservoirs < 10 > 125
 Rivers and streams < 20 > 190

Total nitrogen (TN) (μg/l)
 Lakes and reservoirs < 500 > 2500
 Rivers and streams < 700 > 2500

Chlorophyll a (μg/l)
 Lakes and reservoirs < 3.0 > 165
 Rivers and streams < 5.0 > 125

pH 6.5–9.0 < 5 or > 9
Temperature No deviation from background value or reference 

systems or optimum temperature ranges of relevant 
species

Large deviations from background value or 
the thermal tolerance range for characteris-
tic species

Un-ionized ammonia (μg  NH3/l) 15e 100e

Aluminium (μg/l)
 pH < 6.5 5 –
 pH > 6.5 10 100

Arsenic (μg/l) 10 150
Cadmium (μg/l)d 0.08 1.0
Chromium (μg/l)d

 Cr III 10 75
 Cr VI 1 40

Copper (μg/l)d 1 2.5
Lead (μg/l)d 2 5
Mercury (μg/l)d 0.05 1.0
Nickel (μg/l)d 20 50
Zinc (μg/l)d 8 50
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and focuses on the interlinkages, synergies and trade-offs 
between the various sectors and their respective increasing 
aspirations implies threats for freshwater ecosystems world-
wide. In a recent paper, Shumilova et al. (2018) investigated 
the status of existing, being built and planned water transfer 
schemes. This study focused exclusively on so-called water 
transfer megaprojects (WTMPs), i.e. those projects, which 
fulfil at least one of the following criteria: (1) having con-
struction costs of at least 1 billion US$, (2) having a water 
transfer length of over 190 km or/and (3) an annual transfer 
volume of at least 230 million  m3. The study identified 76 
projects in the category of WTMPs.

The results of this assessment show a staggering threat 
potential on its way towards realization. Should all of these 
projects become reality they would convey water over an 
aggregated distance of more than 80,000 km (twice the 
length of the equator), would cost a staggering 2663 bil-
lion US$ and transfer across watersheds almost 2000 km3 
water annually. This amount is about 50% of the proposed 
planetary boundary for the annual freshwater use by humans 
(Rockström et al. 2009).

Inter-basin transfers are probably the most effective (and 
consequently most dangerous) means to spread invasive spe-
cies into hitherto unaffected streams and lakes. By consider-
ing that WTMPs are only the tip of the iceberg, the potential 
threat for freshwater ecosystem health cannot be neglected. 
It has to be added that the inherent trade-offs may influence 
the achievement of competing SDGs and their respective 
targets.

The concept of water stressors, which is introduced 
also in this paper, is one of the core ideas of IWQGES and 
FFEM. It is implicitly and explicitly considered in recent 
scientific assessments of freshwater ecosystem health. The 
mapping of the world’s free flowing rivers (Grill et al. 2019) 
is an outstanding example to prove this point. Based on an 
integrated Connectivity Status Index (CSI) which considers 
longitudinal (between upstream and downstream), lateral 
(between river channel and floodplains), vertical (between 
surface and groundwater bodies and connectivity with the 
atmosphere) and temporal (based on the seasonality of flow) 
connectivity (Ward 1989), different categories of rivers: 
short (10–100 km long), medium (length between 100 and 
500 km), long (500–1000 km) and very long streams (over 
1000 km long), were assessed.

Rivers having along their entire length a CSI value at, or 
above 95% were considered free flowing, though a CSI value 
below 100% shows already diminished connectivity. About 
50% of all river reaches worldwide have CSI values between 
95 and 100%. Almost 10% of all analysed river reaches (1.1 
million km of aggregated length) had CSI values below 95%, 
thus indicating significant reduction of connectivity. The 
analysis showed that the percentage of long and very long 
rivers (above 500 and 1.000 km length, respectively) have 

the largest percentage of non-free flowing reaches. While 
two-thirds of the very long rivers are classified as non-free 
flowing, this percentage is even higher (77%) for those very 
long rivers which are connected directly to the ocean.

Rivers draining “cultural landscapes” and having indus-
trialized or/and overpopulated basins, or having been devel-
oped for large-scale hydropower generation and ship locks 
for navigation are among those which show the biggest dete-
riorations in terms of CSI values which remain inferior to 
95% along the entire length of the respective watercourse.

The characterization of the ecosystem health status of 
water bodies, here rivers and water courses, with the help 
of measuring the extent of different stressors directly is 
an interesting approach. No doubt, for example, that the 
increasing degree of fragmentation is detrimental to any 
water course, irrespective whether it is an arctic river or 
located in the tropics and whether discharging into an ocean 
or drains an endorheic basin. Thus, using indicators related 
directly to stressor levels circumvents the constraints of both 
biological and hydromorphological indicators. No doubt, 
however, that the scientific consensus about the effects of 
the respective stressor is a prerequisite for a successful use 
of stressor-related (proxy) indicators.

Grill et al. (2019) highlight the importance and ranking of 
stressors for freshwater bodies. (Note that the terminology 
“pressure indicator” used in the referred paper corresponds 
with what is called stressor and their potential indicators in 
this paper.)

It is important to note that over two-thirds of the cases 
the degree of fragmentation (DOF) dominates the stress the 
water body is exposed to, followed by the degree of reg-
ulation. These two stressors account for over 90% of the 
deterioration of the CSI value below the proposed threshold 
of 95%. These results emphasize the overwhelmingly detri-
mental effects of dams, barrages and weirs and the likes as 
prime stressors of the health of freshwater bodies and their 
biodiversity.

The robustness of this result makes it unlikely that by 
using different indicators than the CSI the results would sig-
nificantly change. While decommissioning of dams is pos-
sible, it is by far not a frequent but an increasing remedial 
action to improve ecosystem health of water bodies.

It is obvious that different scales and purposes of freshwa-
ter ecosystem health assessments need different indicators. 
The global comparison and classification of rivers into free 
flowing or impacted categories is a different exercise than 
assessing the status of a small or medium size river or lake. 
Even along a watercourse the characteristics which define 
ecosystem quality can significantly vary. We also argue that 
biological indicators are the most adequate ones to capture 
and characterize freshwater ecosystem health. However, it 
is very difficult to establish biological criteria and indica-
tors and their respective threshold values which might have 
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global (or at least regional) validity, similar to consensus 
thresholds for physico-chemical or morphological indica-
tors. As the summary of the source material reveals (see 
Supplementary Material) the proposed threshold values 
showed a considerable spread and variability. Morphologi-
cal and/or built infrastructure (stressor)-oriented indicators, 
like the CSI of Grill et al. (2019), can be seen as adequate 
proxies at regional and global scale.

Increasing pressures and stresses on water bodies world-
wide, e.g. through the development of hydropower plants, 
generate conflicts among SDG targets. To monitor the 
impacts, highlight critical developments and to identify 
appropriate interventions, water quality guidelines for eco-
systems are a great asset as they consider an entire set of 
drivers, pressures, stressors and impacts alongside with an 
adaptive response cycle. Water quality monitoring does take 
place in a strong societal context. Its success depends on 
many factors as analysed by Kirschke et al. (2020). Pro-
gress has been made in the assessment of stressors such 
as infrastructure and flow modification and their strong 
consequence, river fragmentation. Fragmentation of river 
bodies might or might not be seen as an acceptable price 
for clean energy and water diversion schemes for drinking 
water, irrigation, flood control and transport. The long-term 
consequences are yet to be seen and discussed within socie-
ties. Reduction of the impacts is key to preserve or improve 
aquatic ecosystem health.

Conclusions for future biology and for future 
water resources management

The sustainable use and the protection of water resources 
and water bodies necessitate the consideration of rivers, 
lakes, wetlands and groundwater bodies as ecosystems with 
their particular water quality and quantity characteristics and 
requirements. This is needed both for the provision of eco-
system services to society and for a non-utilitarian approach, 
whereby freshwater ecosystems, their biodiversity and sta-
bility are to be addressed for their own sake, without auto-
matically assessing its utility for societal purposes.

Consequently, guidelines, preferably with global validity, 
would be needed to monitor and assess the status of fresh-
water bodies and accordingly consider also non-utilitarian 
goals. These guidelines with their benchmarks considering 
and characterizing the requirements for the conservation of 
ecosystem integrity could, once well developed and tested, 
enable to fine-tune more sustainable societal appropriation 
of water as a resource and other ecosystem services provided 
by freshwater bodies, without threatening their stable func-
tioning as habitat.

The UN Environment commissioned scientific study 
(IWQGES), and based on it, the Framework for Freshwater 

Ecosystem Management (FFEM 2018) identified seven 
water stressors to account for different categories and levels 
of threat faced by water bodies through excessive anthro-
pogenic influences. This paper also outlined the approach 
to conceive, develop and iteratively adapt the kind of water 
quality guideline needed as basis of a freshwater ecosys-
tem health oriented water resources management. The cited 
studies and subsequent scientific papers show that indica-
tors with potentially universal applicability are still rather 
quantify different stress levels than directly describe the 
(impacted) biological status. Hence, further research is 
needed towards the operationalization of indicators assess-
ing the different components of freshwater ecosystem health.

Given the strong influence of climatic, hydrological, geo-
logical, geochemical and other geographical factors, which 
co-determine their biological composition, healthy fresh-
water ecosystems in different parts of the world may differ 
from each other considerably. Hence, simple classification 
on the basis of consensus biological indicators and respec-
tive threshold values does not seem yet as a viable approach. 
In a different context, the same applies also for hydromor-
phological indicators. The natural features of a stream, for 
example, vary considerable along its course from the source 
to the mouth.

However, there is increasing awareness for the necessity 
to give freshwater ecosystems the status of a “water user”. 
The paper outlines along these lines both scientific and man-
agement concepts. The present limitations to characterize 
the state of health of freshwater bodies should rather serve 
as incentives for research than be seen as a permanent draw-
back. Given the global trend of deteriorating freshwater eco-
system health, further development along the lines outlined 
in this paper is a must.
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