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Main messages 
• Under the socio-economic SSP2 trend scenario, aquatic biodiversity intactness will further 

decrease, up to 2050, especially in Sub-Saharan Africa and parts of South America and 
Asia. These regions include river basins with a currently high aquatic species richness. In 
western Europe and North America, small improvements are foreseen. 

• The main causes of aquatic biodiversity decline constitute increases in agricultural area at 
the expense of wetlands, eutrophication (from both diffuse and point sources), water 
abstractions, and dam construction for hydropower and irrigation. Climate change 
aggravates some of these problems.  

• The combination of the SSP2 scenario and the RCP 8.5 climate scenario projects an 
increase in harmful algal blooms in lakes, due to an increase in nutrient emissions and 
water temperature.  

• Prevention of aquatic biodiversity loss and restoration of already affected water systems 
require an integrated approach encompassing an improvement in water quality and 
restoration of river flow dynamics and wetlands. Opportunities for ecology-based solutions, 
such as in the framework of Integrated River Basin Management, are often missed. 

• The increase in water temperature depends primarily on climate policies. 

  

  

 
 
  

 



1.1.1 Introduction 
This document describes the risks that current and future drivers and pressures pose to the 
functioning of freshwater aquatic ecosystems, the biota that depend on them, and the ecosystem 
services they provide. These drivers and pressures are climate change and socio-economic 
developments. 
 
_____________________________________________________________________________ 
Trends so far 
 
Currently, freshwater ecosystems—rivers, lakes and wetlands—are already seriously under threat 
and their use is being stretched to maximum capacity (MA,  2005; Revenga, 2005; Vorosmarty et 
al., 2010; Boelée et al., 2017). For example, since 1900, nearly 70% of the world’s wetlands have 
been lost (Davidson, 2014), 70% of the world’s rivers have become highly or moderately 
fragmented (Nilsson et al., 2005), many of the world’s lakes, especially in the temperate and 
tropical regions, are heavily impacted by eutrophication (Paerl et al., 2011), and the loss of aquatic 
species is continuing at an even faster rate than that of terrestrial species (MA, 2005; Tisseuil et 
al., 2013). Wetland losses are continuing at a steady pace (CBD, 2014; Gardner et al., 2015), and 
the remaining wetlands are threatened or affected by hydrological changes, eutrophication, 
pollution and climate change. 
 
Today’s mere 1 °C of average global warming already is having an impact on most ecological 
processes in terrestrial, freshwater and marine ecosystems. These impacts span the biological 
hierarchy, from single genes to entire communities (Bellard et al., 2012, in: Scheffers et al., 2016). 
_____________________________________________________________________________ 

 

These drivers and pressures lead to losses not only of natural habitat and biodiversity, but also of 
important ecosystem services, both regulating services (hydrological regulation, climate 
adaptation, water purification) and provisioning services (e.g. water supply, food provision), as 
well as cultural services, such as those for recreation (MA, 2005; Russi et al., 2013; WWAP, 
2015). Wetlands deliver important contributions to key SDGs, such as on food supply, clean fresh 
water supply, and preserving life (Gardner et al., 2015; see Table 1 for an overview of wetland 
ecosystem services). 

  



Table 1. Wetland Ecosystem Services and related ecosystem structures and functions  
(Russi et al., 2013) 

 
Ecosystem services Ecosystem structure and function Examples of Valuation Studies 
Coastal protection Attenuates and/or dissipates waves, 

buffers winds 
Badola and Hussein (2005), Barbier 
(2007), Costanza et al. (2008), Das 
and Vincent (2009), Bayas  et al. 
(2011) 

Erosion control Provides sediment stabilisation and 
soil retention 

 
Sathirathai and Barbier (2001) 

Flood protection Water flow regulation and  control Brouwer and van Elk (2004) 
Water supply Groundwater recharge/discharge Acharya  and  Barbier  (2000, 2002), 

Smith and Crowder (2011) 
Water purification Provides nutrient and pollution uptake, 

as well as retention, particle deposition 
Byström (2000), Yang et al. 
(2008), Jenkins et al. (2010) 

Carbon sequestration Generates biogeochemical activity 
sedimentation, biological 
productivity 

Jenkins et al. (2010), 
Sikamäki et al. 
(2012) 

Maintenance of 
temperature, precipitation 

Climate regulation and stabilisation  

 
Raw materials and food 

Generates biological 
productivity and diversity 

Sathirathai and Barbier (2001), 
Islam and Braden (2006) 

Maintains fishing, 
hunting and foraging 
activities 

Provides suitable reproductive habitat 
and nursery grounds, sheltered living 
space 

Johnston et al. (2002), Barbier 
(2007), Smith (2007), Aburto-
Oropeza et al. (2008), Sanchirico 
and Mumby (2009) 

Tourism, recreation, 
education and research 

Provides unique and aesthetic landscape, 
suitable habitat for diverse fauna and  
flora 

Hammitt et al. (2001), Johnston et 
al. (2002), Carlsson et al. (2003), 
Othman et al. (2004), Brouwer and 
Bateman (2005), Birol et al. (2006), 
Birol and Cox (2007), Do and 
Bennet (2008), Jenkins et al. (2010). 

Culture, spiritual 
and religious benefits, 
bequest values 

Provides unique and aesthetic landscape 
of cultural, historic or spiritual meaning 

Kwak et al. (2007) 

 
 
The most important pressures on aquatic ecosystems worldwide are (MA, 2005; Revenga, 2005; 
Janse et al., 2015): 
 

- disappearance of wetlands due to direct land-use changes; 
- eutrophication and other pollution due to land-use changes in catchments as well as 

increasing urban emissions; 
- hydrological disturbance of riverine systems due to dam construction and river regulations; 
- increased water abstraction; 
- climate change; 
- overexploitation; 
- invasion of exotic species. 

 



Policymakers on global, national and regional levels are concerned about these deteriorations. 
Important, on a global level, are the Ramsar Convention (established in 1971) and the Convention 
on Biological Diversity (CBD) (since 1992). Despite the impressive Ramsar list of wetlands of 
international importance—in 2017 covering >15% of the world’s wetland area (see 
www.ramsar.org)—the convention has not been able to stop the decline. Besides protection, it 
continues to stress the wise use of wetlands as one of the key elements. The Global Biodiversity 
Outlook 4 (CBD, 2014) concludes that inland water ecosystems are not well protected by the 
current protected area networks. 
 
There is widespread consensus about healthy aquatic ecosystems being essential for the 
realisation of several of the recently adopted Sustainable Development Goals (SDGs), in 
particular goals 6.6 (protect and restore water-related ecosystems), 6.3 (improve water quality), 
6.4 (reducing water scarcity) and 15.1 (ensure the conservation, restoration and sustainable use 
of inland freshwater ecosystems and their services, such as wetlands and drylands). The wise use 
of aquatic systems would also contribute to other SDGs, such as 2.1 (end hunger), 3.9 (reduce 
health risks from water pollution) and 13.1 (increase resilience to climate-related hazards). At the 
same time, there are potential trade-offs between certain SDGs that have to be addressed, such 
as 6.2 versus 6.3 (improved sanitation may deteriorate downstream water quality) and 7.2 versus 
6.6 (hydropower compromises aquatic life). 
 
Currently, there are several other global initiatives that aim to mainstream the protection and 
sensible use of aquatic ecosystems into broader society, by showing how intact aquatic 
ecosystems may contribute to other societal goals, how nature-based solutions (e.g. ecological 
water management) may help to solve water-related challenges, and how economic sectors may 
contribute to this (Kok and Alkemade, 2014; Boelée et al., 2017). 
  
1.1.2 Goal 
This document primarily presents our projection of the global state of aquatic biodiversity and 
ecosystem services for 2050 (compared against 2010 levels, i.e. the ‘current’ situation), as a 
function of future land-use changes, hydrological disturbance, climate change and other 
pressures. It identifies the hotspots of greatest past and future losses, discusses the main 
underlying causes, and relates our findings to those of other studies. On this basis, it discusses 
options for damage reduction or restoration, and the opportunities for ecology-based solutions. 
 
Identification of the hotspots of greatest past and future losses is based on these two indicators: 

• Mean Species Abundance (MSA), a biodiversity intactness index. This indicator is a 
measure of loss of aquatic biodiversity. It has been derived from a compilation of scientific 
studies where this indicator is quantified by comparing species composition in impacted 
lakes, rivers and wetlands to that in comparable, yet undisturbed, systems. MSA values for 
rivers, lakes and wetlands have been combined by area-weighted averaging into values for 
‘aquatic MSA’. 

• The amount of harmful algal blooms (cyanobacteria) in lakes. These algae are potentially 
toxic and may lead to increased health risks, particularly in water bodies used for bathing 
and washing and for public water supply. Both eutrophication and climate change will 
generally increase phytoplankton blooms (Wilhelm and Adrian, 2008; EEA, JRC and WHO, 
2008) and increase the dominance of harmful cyanobacteria in phytoplankton communities 
(Moss et al., 2011; EEA, 2017). More frequent extreme precipitation and run-off events are 
also expected to increase nutrient loading to waters and, thus, result in eutrophication. 
Climate change may increase harmful algal blooms in lakes as a direct result of 
temperature increase as well as climate-induced increases in nutrient concentrations 
(Schindler, 2001; Jeppesen et al., 2014; EEA, 2017)). 



 
1.1.3 Methods and Analysis 
 
Model set-up 
The calculations were performed using the GLOBIO-Aquatic model, v. 1.3 (Janse et al., 2015), to 
assess the dominant human impacts on inland aquatic biodiversity and to be used in future 
projections. The model system consists of an empirical biodiversity model, coupled with a global 
water map and embedded in the IMAGE model framework (Stehfest et al., 2014), providing links 
to models about demography, economy, land-use change, climate change, nutrient emissions, 
and hydrology. We applied a catchment approach by including the spatial relationships between 
pixels, based on flow direction. The focus is on broad categories of global-scale, human-induced 
pressures. The drivers included are wetland conversion, land-use change and nutrient loading in 
catchment areas (affecting water quality), and hydrological disturbance and climate change 
(affecting water quantity). The biodiversity model is based on a recompilation (meta-analysis) of 
existing data, thereby scaling-up from local/regional case studies to global trends.  
 
Figure 1 gives a schematic view of the model chain. Input and output (indicator) variables are 
listed in Table 2 and clarified below. 

 

Figure 1. Schematic representation of the GLOBIO-Aquatic model: input data (left, blue), model 
calculations (centre, red) and output data (right, blue). Parallelograms denote variables or data sets 
derived from other IMAGE modules (dark blue) or external sources (light blue); rectangles denote 
processes or calculation steps. 
 



Table 2. Overview of input and output data 
Input (dimension) Explanation Source Remarks 
STATIC INPUT MAPS    
Map of surface waters 
(lakes, rivers, wetlands) 

To identify locations and 
types of aquatic ecosystems 

Global Lakes and 
Wetlands Database 
(GLWD), Lehner 
and Döll (2004) 

30’ raster map, 
aggregated from 
GLWD-level 3 (= 
30” raster) 

Lake depths (m) Some of the biodiversity 
effects depend on water 
depth 

FLAKE database, 
Kourzeneva (2010) 

Locations (IDs) 
attributed to 30’ 
pixels 

Digital water network 
(LDD map) 

To calculate water 
movement across the globe 
(through the catchment 
areas) 

Included in PCR-
GLOBWB  and 
LPJmL-hydrology 

DDM30 (30’ 
raster) 

DYNAMIC INPUT MAPS (DRIVERS)   
Land-use and land-cover 
map 

Driver of change Land-use module 
GLOBIO 3.5 (PBL, 
2016) 

30’’ raster map 
aggregated to 
30’  

Map of major river dams Driver of change GRanD database 
(Lehner et al., 
2011); included in 
PCR-GLOBWB  and 
LPJmL-hydrology. 
Changes/additions 
in scenarios. 

Locations 
attributed to 30’ 
pixels 

Water discharge (m3 

month-1) 
Basic driver. Also used to 
calculate the river flow 
deviation 

PCR-GLOBWB  or 
LPJmL-hydrology  

30’ raster, 
monthly data 

Water discharge in 
natural situation (m3 
month-1) 

To calculate the river flow 
deviation, one of the drivers 
of change 

PCR-GLOBWB  or 
LPJmL-hydrology 

30’ raster, 
monthly data 

Phosphorus 
concentration in surface 
water (g P m-3) 

Driver of change Global Nutrient 
Model (GNM) 

30’ raster, year- 
averages 

Nitrogen concentration in 
surface water (g N m-3) 

Driver of change Global Nutrient 
Model (GNM) 

30’ raster, year-
averages 

Water temperature (oC) Driver of change PCR-GLOBWB 30’ raster, 
monthly data 

OUTPUT MAPS    
MSA map: mean relative 
abundance of original 
species in lakes, rivers 
and wetlands and the 
weighted average (-) 

Measure of biodiversity 
intactness 

Final output 30’ raster maps 
per water type 

Concentration of harmful 
algae in lakes (g m-3) 

Algal blooms reduce the 
usability of the water bodies 
for several purposes 

 Final output 30’ raster map 
for pixels 
containing lakes 

 
 
  



Input data 
 
The model analyses are based on the SSP2 (‘middle of the road’) scenario combined with the 
RCP8.5 climate pathway, for the 2010–2050 period. This climate pathway is generally considered 
too extreme (it is more in line with the SSP3 scenario); however, the more realistic pathways 4.5 
and 6.0 were not yet available at the time of this study. Nevertheless, the analysis provides an 
indication of future impacts. 
 
The locations and types of water bodies were based on the publicly available Global Lakes and 
Wetlands Database map (Lehner and Döll, 2004). Although the map is mainly based on data from 
the 1990s, it is the most recent comprehensive map for wetlands. It distinguishes the main inland 
water types (lakes, reservoirs and rivers) as well as several types of wetlands, namely riverine 
marshes and swamps, isolated wetlands (bogs and fens), intermediate, brackish and coastal 
wetlands as well as wetland mosaics. 
 
We modelled the effects of land-use changes on the biodiversity in the catchment areas of all 
these types of water bodies. For wetlands, we also considered any direct effects, such as due to 
their conversion or draining for human purposes. For lakes, we used the data on the nutrient 
loading within their catchment areas, instead of on the land-use itself. For rivers and floodplain 
wetlands, the model also describes the effect of human interventions in the hydrology (e.g. dam 
constructions or climate change) on biodiversity. 
  
As wetlands, as yet, are not specifically included in the IMAGE land-use allocation maps (Van 
Asselen et al., 2013), we used conservative estimations of wetland conversion (‘unavoidable 
wetland loss’), which is to say, the wetland area minimally required to meet the projected increase 
in agricultural land demand after all non-wetland areas (such as forests) have been used. This is 
therefore most probably an underestimation. 
 
The effects of land-use change in the catchment areas were based on land-use projections, 
derived from projections of human population sizes, economic growth, food and energy 
requirements, and food trade as derived from the IMAGE model (Stehfest et al., 2014), and 
processed into a 30 x 30 arc-minutes fractional land-use map (Alkemade et al., 2009; PBL, 2016). 
We used the sum of all human land-use categories (cropland, pastures and urban areas) per grid 
cell, and combined this with the catchment delineation (derived from the water network) to 
calculate the human land-use fraction in the upstream catchment. In this way, the catchment 
approach was implemented, with the biodiversity impacts on a certain water body depending on 
the aggregated land use, and/or accumulated nutrients, from the applicable upstream part of its 
catchment (watershed). For lakes, rivers, and wetlands connected to rivers, their catchment area 
was defined as the current pixel plus all upstream pixels, whereas, for the ‘isolated’ wetland types, 
their catchment area was confined to the pixel in which they would be located. Data from studies 
on biodiversity in rivers and streams in catchment and sub-catchment areas with different forms of 
land use (e.g. forest, agriculture, urbanisation) were combined in a meta-analysis; the data were 
expressed in the form of MSA and fitted by linear regression (Weijters et al., 2009). A comparable 
meta-analysis was performed for wetlands. 
  
For lakes, the analysis was based on phosphorus and nitrogen loading rather than on land use, as 
the eutrophication effects on lakes are well established, and nutrient loading to surface waters, in 
general, highly correlates with the type and intensity of land use (e.g. Harper, 1992; Johnes et al., 
1996). The model considers nutrient loading (nitrogen and phosphorus) from all emission 
sources—agricultural, urban and atmospheric. The diffuse emissions were calculated using the 
Global Nutrient Model (Beusen et al., 2015), which translates the land-use practices into soil 



nutrient budgets (Bouwman et al., 2011) and nutrient leaching and run-off to surface waters. Input 
data were agricultural area, the application of fertiliser and manure, precipitation and spatial 
characteristics of slope, soil texture and groundwater characteristics. The urban nutrient emissions 
were added to these emissions, which were based on human population, affluence (GDP), 
sanitation and the use of detergents (Morée et al., 2013; Van Drecht et al., 2009). Retention of 
nutrients within the global surface water network was included, based on slope and retention time. 
Water discharge was calculated using the global hydrological model PCR-GLOBWB, based on a 
water balance per pixel (Van Beek et al., 2011; Van Beek and Bierkens, 2009). All fluxes 
accumulate downstream according to an incorporated water routing routine based on the so-
called LDD (‘local drain direction’) approach (Döll and Lehner, 2002). Lake depths, when 
available, derived from the FLAKE data set (Kourzeneva, 2010) or otherwise estimated, based on 
regional characteristics. Literature data on the relationship between biodiversity and P and N 
concentrations were combined and fitted by logistic regression, for both deep and shallow lakes 
(Janse et al., 2015).  
 
For rivers and riverine wetlands, GLOBIO also considers the effect of hydrological changes on 
biodiversity (environmental flow requirements). Monthly river discharges, both in pristine, present 
and future situations (affected by climate change, river dams and/or water abstraction), were 
derived from the hydrological module of the LPJ model (Biemans et al., 2011). The so-called 
‘amended annual proportional flow deviation’ (AAPFD), which measures the deviation between 
affected and natural seasonal patterns (Ladson and White, 1999), was calculated on the basis of 
these monthly discharge patterns. Data on existing river dams were taken from the GRanD 
database (Lehner et al., 2011), which contains the ~7000 largest dams in the world. A projection 
of future hydropower dams was made by Fekete et al. (2010). Future water abstraction and 
construction of reservoirs for irrigation purposes were taken from Biemans et al. (2017), as 
described in the document ‘Global water and land constraints to food production’. Literature data 
on river biodiversity under various degrees of regulation (e.g. by dams) were combined and 
expressed in change in MSA (Janse et al., 2015). A comparable analysis was performed of the 
effects of flow deviation on biodiversity in riverine wetlands (Kuiper et al., 2014). 
 
Output indicator 1: Biodiversity intactness (Mean Relative Abundance of original species (MSA)) 
 
The model expresses the biodiversity response in MSA—the biodiversity intactness index—the 
same method as is used by a comparable model for terrestrial biodiversity (Alkemade et al., 
2009). The relationship between drivers and MSA is described by a set of empirical functions 
based on meta-analyses of literature data, per driver and water type (Janse et al., 2015; Janse et 
al., 2016). Data were extracted from studies comparing the species composition in undisturbed 
reference situations with those at different levels of the driver (for naturally comparable water 
types). In principle, the abundance (numbers, density, cover percentage) of each species found in 
an impacted situation was divided by its abundance found in an undisturbed reference situation. 
The values were truncated at 1.0, and a mean value was calculated over all species considered in 
the study. Species not found in the undisturbed situation were omitted. In case only the IBI values 
(= Index of Biotic Integrity; Karr and Chu, 2000) were reported instead of the raw data, these were 
converted into MSA values by rescaling them between 0 and 1. 
 
The combined MSA value per water body was calculated by multiplying the impact factors for the 
relevant drivers (hence assuming that the drivers would be independent). The final indicator 
‘aquatic MSA’ was then calculated by area-weighted averaging of the MSA values for rivers, lakes 
and wetlands.  
 
  



Output indicator 2: Harmful algae  
 
The amount of harmful algae (cyanobacteria) in lakes was calculated by the empirical relationship, 
derived by Håkanson et al. (2007). According to this relation, the amount of cyanobacteria 
increases with the phosphorus concentration, and is further increased if the N:P ratio is low (i.e. 
below 15), and increases with the average water temperature in the growing season. The P and N 
concentrations were derived from the GNM model (see the document on ‘Nutrients and water 
quality’); the water temperature was calculated with the PCR-GLOBWB model (Van Beek et al., 
2012).  
 
 

1.1.4 Results 
 
Results are given for aquatic biodiversity intactness (MSA) and harmful algal blooms. Focus is on 
the situation in 2010 and in 2050, the difference between those years, and the causes of change. 
 
Aquatic biodiversity intactness (MSA)  
 
The maps in Figure 2 show the average area-weighted biodiversity intactness (MSA) for aquatic 
ecosystems (rivers, lakes and wetlands) on a 30 x 30 arc minutes grid scale. Pixels without 
aquatic ecosystems according to the GLWD (Lehner and Döll, 2004) are presented in white. 

A: Situation 2010
 

 

 

  



B: Situation 2050

 

C: Change 2010–2050
 

Figure 2. Aquatic biodiversity, measured by the biodiversity intactness indicator (MSA), for the world’s 
freshwater systems in 2010 (A) and 2050 (B), and for the change from 2010 to 2050 (C). Figures A and 
B: scale varies from dark blue (MSA 1: biodiversity not affected by human drivers) to light blue (MSA = 
0: biodiversity completely affected by human drivers). Figure C: red–orange–yellow = biodiversity loss; 
grey = biodiversity remains almost stable; green = biodiversity increases). 



 
  
According to the results in Figure 2, in many parts of the world, aquatic biodiversity had already 
declined considerably in 2010, especially in western, central and southern Europe, the United 
States/Mexico, southern, eastern and parts of central Asia, the southern Sahel and parts of South 
Africa, Argentina and Brazil. Loss of aquatic biodiversity is much less in northern Europe, Canada, 
northern Russia, Australia, central Africa and large parts of South America. In general, the boreal 
biome is the least-affected, and the populated temperate, Mediterranean and subtropical biomes 
are affected the most. The world averaged aquatic MSA (the average for all pixels with water 
bodies) has decreased to about 0.75; about three quarters of the decline can be attributed, directly 
or indirectly, to land-use changes. As expected, the largest impacts appear in the most densely 
populated and the most cultivated world regions. Rivers and floodplain wetlands are affected in 
some of the less populated catchments as a consequence of damming. 
 
Under the SSP2 scenario, a further decline in aquatic biodiversity is expected for the future. The 
scenario projects a major decline for Africa, in line with projected changes in land use and 
increased dam construction. Further decline is also projected for Asia, Latin America and eastern 
Europe. Some improvement is projected for parts of the United States, Europe, the north-west 
African coastal region and in parts of central Asia, due to an assumed decrease in agricultural 
area and/or as a result of eutrophication abatement.  
  



Harmful algal blooms in lakes 

The maps in Figure 3 depict projected average concentrations of cyanobacteria (potentially toxic 
algae) in lakes, during the growing season [mg/l). Green colours denote concentrations lower than 
the WHO standard, yellow and red colours point to increasing levels of exceedance. Pixels without 
lakes, according to the GLWD (Lehner and Döll, 2004), are shown in white. 

A: Situation 2010 

 

B: Situation 2050 

 



C: Change 2010–2050 

 

Figure 3. Projected average concentration levels of cyanobacteria in lakes, during the growing season, in 
2010 (A) and in 2050 (B), and the change from 2010 to 2050 (C) under a combination of the SSP2 and 
RCP8.5 scenario. Figures A and B: the scale varies from dark green (no cyanobacteria) to light green 
(concentration lower than WHO standard) and yellow (concentration exceeds WHO standard) to red 
(concentration ≥50 mg/l). Figure C: red–orange–yellow = concentration increases; grey = concentration 
remains almost stable; green = concentration decreases). 

 

The highest algal concentration levels are projected for the most populated and/or intensively 
farmed agricultural regions, such as Europe and western Asia, the United States/Mexico, South 
Asia, eastern China and eastern Brazil. Low concentration levels are projected for the boreal 
biome (due to a combination of low water temperatures and low population density) and for 
regions that are either less populated, have little intensive agriculture, and/or a good wastewater 
treatment system. These are parts of the United States, South America, central Africa and parts of 
Asia. 

Under the SSP2 scenario in combination with the RCP8.5 climate scenario, a striking increase in 
harmful algal blooms is foreseen for 2050, in many parts of the world, except for the far north. In 
parts of Europe and the United States, some decreases are projected as a result of emission 
reductions. WHO standards will be exceeded in more regions, and the increased risk of toxic algal 
blooms will further hamper the use of water resources for drinking water, fish farming, and 
recreation. The increase is due to increased nutrient emissions from agriculture as well as urban 
sources (see the document ‘Water Quality’), combined with a global increase in water temperature 
that promotes algal growth and cyanobacteria, in particular (Moss et al., 2011).  

To disentangle the impacts from each factors, the 2050 model run was repeated, changing one 
driver at a time. When only temperature increase is ‘switched on’ (and land-use changes are 
ignored), cyanobacteria are still expected to increase in most regions, but to a lesser extent. 

 



1.1.5 Discussion 
 
Uncertainties / Restrictions 
 
The projections in this document should be interpreted with some caution, because of many 
uncertainties in the assumptions by the underlying models. Also, the meta-analyses, in general, 
were based on only a limited amount of data, and mostly confounded to data from the ‘developed’ 
parts of the world. The projected aquatic biodiversity losses of wetlands are very likely to have 
been underestimated, as historical wetland conversions (60-70% in the 20th century; Davidson, 
2014) are not accounted for in the calculations, and future conversions only as a minimum 
estimate (Janse et al., 2015; Janse et al., 2016), while current annual rates of wetland losses of 
0.5% to 1% are observed (Dixon et al., 2016; Gardner et al., 2015) These shortcomings will be 
addressed in a future update of both models and data. Projections of cyanobacterial biomass 
have been estimated with an empirical regression model that was largely based on a data set on 
lakes in northern regions, under temperate climate conditions. In addition, a more elaborate 
module, based on PCLakePlus (Janssen et al., 2019, will also be implemented in the future. 
Furthermore, a module about the impact of climate change on the distribution range of aquatic 
species is being developed. 
 
How do the results relate to those from other relevant studies? 
 
According to the IPCC, direct human impacts, such as land use and land-use change, pollution 
and water resource development, will continue to dominate the threats to most freshwater (high 
confidence) and terrestrial (medium confidence) ecosystems, globally, over the next three 
decades. Ecosystem changes resulting from climate change may not become fully apparent for 
several decades, due to long response times in ecological systems (medium confidence) (IPCC, 
2014). 
  
Our modelling study confirms the dominant impact of land-use changes and hydrological 
interventions on freshwater systems, both currently and up to 2050. These are already being 
affected by climate change (see also the documents on ‘Nutrients and water quality’, ‘Global water 
and land constraints to food production’ and ‘Hydropower and water’), but the extent of the impact 
of course highly depends on the assumed climate change scenario. Our results show that, at least 
for the ‘high’ RCP8.5 scenario, global warming is expected to increase algal bloom problems as 
early as in the coming decades, on top of the impact of the increasing nutrient emissions from 
agricultural and urban sources. This matches the observed rapid warming of lakes, worldwide (on 
average, 0.34 °C per decade; O’Reilly et al., 2015) and with observational and theoretical studies 
showing an increase in algal blooms (especially cyanobacteria) in warmer years (Jeppesen et al., 
2014; Moss et al., 2011).  
 
The impact of warming on lakes, however, depends on local characteristics and food web 
interactions—oligotrophic large lakes (with a chlorophyll-a concentration < 3 mg m-3), for instance, 
even show a decrease in algal concentration in warm years (Kraemer et al., 2017). The interaction 
between eutrophication and climate change offers both challenges and opportunities for regional 
water management. One may argue that the positive effects of improved local water management 
are nullified by climate change. On the other hand, adaptive land and water management can 
sometimes compensate the effects of climate change (Green et al., 2017). 
 
The presented map of aquatic biodiversity loss between 2010 and 2050, based on the MSA 
indicator (Figure 2C), overall, matches the map of threats, derived by Vorosmarty et al. (2010), 
rather well. In an additional step, this map of biodiversity loss was combined with the map of fish 



species richness by Tisseuil et al. (2013). The size of the blue dots denotes the number of species 
per river basin. Especially the Congo basin (central Africa) shows up as a potential hotspot of 
species loss. Also, the Amazon and Mekong are species-rich basins where the expected loss of 
aquatic biodiversity in rivers is relatively high. 
 
The areas with the highest levels of aquatic biodiversity loss are often inadequately covered by 
the existing network of protected areas (as mapped in the WDPA (UNEP-WCMC 2017), even 
those in the ‘Ramsar list of wetlands of international importance’ (Reis et al., 2017)). This is partly 
due to the fact that the water quality downstream depends on the quality upstream, and this 
relationship is often neglected during the design of these networks. 
 
As shown, part of the decline in aquatic biodiversity in rivers and floodplain wetlands is due to 
hydrological disturbance caused by the damming of rivers, for water storage or hydropower 
purposes. In 2005, 59% of the world’s large river systems (covering 88% of the area and 83% of 
the mean annual discharge) were highly or moderately fragmented (Nilsson et al., 2005). 
Especially in some boreal and tropical biomes there are still unfragmented rivers left.. The 
increase in dam construction, as projected under the Trend scenario, will increase river 
fragmentation, also in currently hardly fragmented river basins in the tropics, and will compromise 
the environmental flow requirements for these river systems  (see also the document on 
‘Hydropower and water’). The current projection is based on the irrigation scenario by Biemans et 
al. (2017) and the hydropower potential described by Fekete et al. (2010). More recent 
hydropower scenarios (Zarfl et al., 2015; Gernaat et al., 2017) project a comparable increase in 
total global hydropower capacity, although somewhat differently distributed across the globe. 
 
 

Adaptive capacities 
As summarised by Boelée et al. (2017), and also concluded by many others, there are still ample 
opportunities (1) to reduce the negative impacts of projected developments on aquatic 
ecosystems, by strategies that minimize trade-offs between various goals, and (2) to create 
synergies between ecological systems and society by substantially increasing the use of nature-
based solutions in solving future water problems (WWAP, 2015; Ozment et al., 2015). The current 
international dialogue on the nexus between water, energy and food may raise awareness about 
the need for integrated solutions (Krchnak et al., 2011). These include opportunities in agricultural 
water management, urban water management, river basin management and flood protection, 
including the following: 

• The conservation or restoration of wetlands may increase their resilience to flooding and 
drought, and help to improve water quality. 

• An increased reuse of water and nutrients may reduce the level of scarcity of these 
resources and reduce pressures on aquatic ecosystems; improved land-use practices 
would do the same.  

• Finding alternative ways of balancing hydro-energy use and other functions of rivers in integrated 
river management plans may help to maintain environmental flow conditions. Successful 
implementation of such ‘nature-inclusive’ solutions calls for technical and ecological knowledge, 
as well as institutional and societal changes, if those are to solve the world’s water-related 
problems. 

 



1.1.6 Conclusions 
Aquatic biodiversity, already under great pressure, is likely to further decrease in the future, in 
many regions, due to additional land-use change and hydrological disturbance. The risk of harmful 
algal blooms in lakes will increase, hampering the ecosystem services that they provide. 

 
 

1.1.7 Gaps and recommendations for future research 
The shortcomings, as described above, in the model assumptions and the limited availability of 
data will be addressed in a future update of both models and data. A more elaborate module to 
project future cyanobacterial biomass, based on PCLakePlus (Janssen et al., 2017), will also be 
implemented in the future. Furthermore, a module about the impact of climate change on the 
distribution range of aquatic species is being developed. 

  



 

References 
 

Alkemade R, Van Oorschot M, Miles L, Nellemann C, Bakkenes M and Ten Brink B. (2009). 
GLOBIO3: A framework to investigate options for reducing global terrestrial biodiversity 
loss. Ecosystems 12: 374–390. 

Beusen AHW, Van Beek LPH, Bouwman AF, Mogollón JM and Middelburg JJ. (2015). 
Coupling global models for hydrology and nutrient loading to simulate nitrogen and 
phosphorus retention in surface water – description of IMAGE–GNM and analysis of 
performance. Geosci. Model Dev. 8: 4045–4067. 

Biemans H, Haddeland I, Kabat P, Ludwig F, Hutjes R, Heinke J, Von Bloh W and Gerten D. 
(2011). Impact of reservoirs on river discharge and irrigation water supply during the 20th 
century. Water Resources Research 47(3): W03509. 

Boelée E, Janse J, Le Gal A, Kok M, Alkemade R and Ligtvoet W. (2017). Overcoming water 
challenges through nature-based solutions. Water Policy 19: 820–836. 

Bouwman AF et al. (2011). Exploring Global Changes in Nitrogen and Phosphorus Cycles in 
Agriculture, Induced by Livestock Production, Over the 1900–2050 Period. Proceedings of 
the National Academy of Sciences of the United States (PNAS), 
doi:10.1073/pnas.1012878108. 

CBD (2014). Global Biodiversity Outlook 4. Secretariat of the Convention on Biological 
Diversity. 

Davidson NC. (2014). How much wetland has the world lost? Long-term and recent trends in 
global wetland area. Marine and Freshwater Research 65: 934–941. 

Dixon MJR, Loh J, Davidson NC, Beltrame C, Freeman R and Walpole M. (2016). Tracking 
global change in ecosystem area: The Wetland Extent Trends index. Biol. Cons. 193: 27–
35.  

Döll P and Lehner B. (2002). Validation of a new global 30-min drainage direction map. 
Journal of Hydrology 258: 214–231. 

European Environment Agency (EEA), JRC and WHO (2008). Impact of Europe’s changing 
climate – 2008 indicator-based assessment. EEA Report no 4/2008 – JRC Reference 
Report no. JRC47756. 

European Environment Agency (EEA) (2017). Climate change, impacts and vulnerability in 
Europe 2016. An indicator-based report. EEA Report no. 1/2017.  

Fekete BM, Wisser D, Kroeze C, Mayorga E, Bouwman L, Wollheim WM and Vörösmarty C. 
(2010). Millennium ecosystem assessment scenario drivers (1970–2050): climate and 
hydrological alterations. Global Biogeochemical Cycles 24: GB0A12, doi: 
10.1029/2009GB003593. 

Gardner RC, Barchiesi S, Beltrame C, Finlayson CM, Galewski T, Harrison I, Paganini M, 
Perennou C, Pritchard DE, Rosenqvist A and Walpole M. (2015). State of the World’s 
Wetlands and their Services to People: A compilation of recent analyses. Ramsar Briefing 
Note no. 7. Gland, Switzerland: Ramsar Convention Secretariat. 

Gernaat DEHJ, Bogaart PW, Van Vuuren DP, Biemans H and Niesink R. (2017). High-
resolution assessment of global technical and economic hydropower potential. Nature 
Energy 2: 821–828. 

Green A et al. (2017). Creating a safe operating space for wetlands in a changing climate. 
Front. Ecol. Environ. 15: 99–107. 

Harper D. (1992). Eutrophication of freshwaters; principles, problems and restoration. 
Chapman & Hall, London. 

IPCC (2014). Climate Change 2014: Impacts, Adaptation and Vulnerability. Part A: Global 
and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge 
(UK) and New York (USA). 

Håkanson L, Bryhn AC and Hytteborn JK. (2007). On the issue of limiting nutrient and 
predictions of cyanobacteria in aquatic systems. Science of The Total Environment 379: 
89–108. 



Janse JH, Kuiper JJ, Weijters MJ, Westerbeek EP, Jeuken MHJL, Bakkenes M, Alkemade R 
and Verhoeven JTA. (2015). GLOBIO-aquatic, a global model of human impact on the 
biodiversity of inland aquatic ecosystems. Env. Sci. Pol. 48: 99–114. 

Janse JH, Bakkenes M and Meijer J. (2016). Globio-Aquatic, Technical model description v. 
1.3. PBL Publication no. 2829. Available on www.globio.info. 

Janssen ABG, Janse JH, Beusen AHW, Chang M, Harrison JA, Huttunen I, Kong X, Rost J, 
Teurlincx S, Troost TA, Van Wijk D, Mooij WM. (2019). How to model algal blooms in any 
lake on earth. Current Opinion in Environmental Sustainability 36, 1–10. 

Jeppesen E, Meerhoff M, Davidson TA, Trolle D, Søndergaard M, Lauridsen TL, Beklioǧlu M, 
Brucet A, Volta P, González-Bergonzoni I and Nielsen A. (2014). Climate change impacts 
on lakes: An integrated ecological perspective based on a multi-faceted approach, with 
special focus on shallow lakes. J. Limnol. 73: 88–111. 

Johnes P, Moss B and Phillips G. (1996). The determination of total nitrogen and total 
phosphorus concentrations in freshwaters from land use, stock headage and population 
data: testing of a model for use in conservation and water quality management. 
Freshwater Biology 36: 451–473.  

Karr JR and Chu EW. (2000). Sustaining living rivers. Hydrobiologia V422–423: 1–14. 
Kok, M. and R. Alkemade (eds) (2014), How sectors can contribute to sustainable use and 

conservation of biodiversity. CBD Technical Series 79. PBL Netherlands Environmental 
Assessment Agency, The Hague. 

Krchnak K, Smith M and Deutz A. (2011). Putting Nature in the Nexus: Investing in Natural 
Infrastructure to Advance Water-Energy-Food Security. Bonn 2011 Conference: The 
Water, Energy and Food Security Nexus – Solutions for the Green Economy, Background 
Papers for the Stakeholder Engagement Process, IUCN/TNC. 

Kourzeneva E. (2010). External data for lake parameterization in Numerical Weather 
Prediction and climate modeling. Boreal Environment Research 15: 165–177. 

Kraemer BM, Mehner T and Adrian R. (2017). Reconciling the opposing effects of warming on 
phytoplankton biomass in 188 large lakes. Nature Scientific Reports 7 (10762). 

Kuiper JJ, Janse JH, Teurlincx S, Verhoeven JTA and Alkemade R. (2014). The impact of 
river regulation on the biodiversity intactness of floodplain wetlands. Wetl. Ecol. Manage. 
22, 647–658. 

Ladson AR and White LJ. (1999). An index of stream condition: reference manual. 2nd ed. 
Dept. of Nat. Res. and Env., Melbourne. 

Lehner B and Döll P. (2004). Development and validation of a global database of lakes, 
reservoirs and wetlands. Journal of Hydrology 296: 1–22. 

Lehner B, Liermann CR, Revenga C, Vörösmarty C, Fekete B, Crouzet P, Döll P, Endejan M, 
Frenken K, Magome J, Nilsson C, Robertson JC, Rödel R, Sindorf N and Wisser D. 
(2011). High-resolution mapping of the world's reservoirs and dams for sustainable river-
flow management. Frontiers in Ecology and the Environment 9: 494–502. 

MA (2005). Ecosystem and human well-being: wetlands and water synthesis. Millennium 
Ecosystem Assessment, World Resources Institute, Washington, D.C. 

Morée AL, Beusen AHW, Bouwman AF and Willems WJ. (2013). Exploring global nitrogen 
and phosphorus flows in urban wastes during the twentieth century. Global Biogeochem. 
Cycles 27: 836–846. 

Moss B, Kosten S, Meerhof M, Battarbee R, Jeppesen E, Mazzeo N, Havens K, Lacerot G, 
Liu Z and De Meester L. (2011). Allied attack: climate change and eutrophication. Inland 
waters 1: 101–105. 

Nilsson C, Reidy C, Dynesius M and Revenga C. (2005). Fragmentation and flow regulation 
of the world’s large river systems. Science 308(5720): 405–408. 

Ozment S, DiFrancesco K and Gartner T. (2015). The role of natural infrastructure in the water, 
energy and food nexus, Nexus Dialogue Synthesis Papers. IUCN, Gland. 

O'Reilly CM, Sharma S, Gray DK, Hampton SE, Read JS, Rowley RJ, Schneider P, Lenters JD, 
McIntyre PB and Kraemer BM. (2015). Rapid and highly variable warming of lake surface 
waters around the globe. Geophys. Res.Lett. 42: 10,773–10,781. 

Paerl HW, Hall NS and Calandrino ES. (2011). Controlling harmful cyanobacterial blooms in a 
world experiencing anthropogenic and climatic-induced change. Science of The Total 
Environment, 409(10): 1739–1745. 

http://www.pbl.nl/en/publications/how-sectors-can-contribute-to-sustainable-use-and-conservation-of-biodiversity
http://www.pbl.nl/en/publications/how-sectors-can-contribute-to-sustainable-use-and-conservation-of-biodiversity
http://www.pbl.nl/en/publications/how-sectors-can-contribute-to-sustainable-use-and-conservation-of-biodiversity
http://www.pbl.nl/en/publications/how-sectors-can-contribute-to-sustainable-use-and-conservation-of-biodiversity


PBL (2016). The GLOBIO model. A technical description of version 3.5. PBL Netherlands 
Environmental Assessment Agency. Available on www.globio.info. 

Reis V, Hermoso V, Hamilton SK, Ward D, Fluet-Chouinard E, Lehner B and Linke S. (2017). A 
global assessment of inland wetland conservation status. Bioscience 67, 523–533. 

Revenga, C, Campbell I, Abell R, De Villiers P and Bryer M. (2005). Prospects for monitoring 
freshwater ecosystems towards the 2010 targets. Philosophical Transactions of the Royal 
Society B: Biological Sciences 360: 397–413. 

Russi D, Ten Brink P, Farmer A, Badura T, Coates D, Foerster J, Kumar R and Davidson N. 
(2013). The Economics of Ecosystems and Biodiversity for Water and Wetlands. IEEP; Ramsar 
secretariat, London and Brussels; Gland. 

Scheffers BR, De Meester L, Bridge TCL, Hoffmann AA, Pandolfi JM, Corlett RT, Butchart SHM, 
Pearce-Kelly P, Kovacs KM, Dudgeon D, Pacifici M, Rondinini C, Foden WB, Martin TG, Mora 
C, Bickford D and Watson JEM. (2016). The broad footprint of climate change from genes to 
biomes to people. Science 354 (6313): 719–730. 

Schindler DW. (2001). The cumulative effects of climate warming and other human stresses on 
Canadian freshwaters in the new millennium. Can. J. Fish. Aquat. Sci. 58:18–29. 

Stehfest E, Van Vuuren D, Kram T, Bouwman L, Alkemade R, Bakkenes M, Biemans H, 
Bouwman A, Den Elzen M, Janse J, Lucas P, Van Minnen J, Muller M and Prins A. (2014). 
Integrated assessment of global environmental change with IMAGE 3.0. Model description and 
policy applications. PBL Netherlands Environmental Assessment Agency. 

Tisseuil C, Cornu JF, Beauchard O, Brosse S, Darwall W, Holland R, Hugueny B, Tedesco PA 
and Oberdorff T. (2013). Global diversity patterns and cross-taxa convergence in riverine 
systems. Journal of Animal Ecology 82: 365–376. 

Van Asselen S, Verburg PH, Vermaat J and Janse JH. (2013). Drivers of wetland conversions: a 
global meta-analysis. PLoS ONE 8: e81292. 

Van Beek LPH and Bierkens MFP. (2009). The global hydrological model PCR-GLOBWB: 
conceptualization, parameterization and verification. Dept. of Physical Geography, Utrecht 
University, Utrecht. 

Van Beek LPH, Eikelboom T, Van Vliet MTH and Bierkens MFP. (2012). A physically based model 
of global freshwater surface temperature. Water Resources Research 48, W09530. 

Van Beek L, Wada Y and Bierkens MFP. (2011). Global monthly water stress: 1. Water balance 
and water availability. Water Resources Research 47. 

Van Drecht G, Bouwman AF, Harrison J and Knoop JM. (2009). Global nitrogen and phosphate in 
urban waste water for the period 1970–2050. Global Biogeochemical Cycles 23, GB0A03, 
doi:10.1029/2009GB003458. 

Vörösmarty CJ, McIntyre CJ, Gessner MO, Dudgeon D, Prusevich A, Green P, Glidden S, Bunn 
SE, Sullivan CA, Reidy Liermann C and Davies PM (2010). Global threats to human water 
security and river biodiversity. Nature 467: 556–561. 

UNEP-WCMC (2017). World Database on Protected Areas User Manual 1.5. UNEP-WCMC: 
Cambridge (UK). Available at: http://wcmc.io/WDPA_Manual. 

Wilhelm S and Adrian R. (2008). Impact of summer warming on the thermal characteristics of a 
polymictic lake and consequences for oxygen, nutrients and phytoplankton. Freshwater 
Biology, 53: 226–237. 

Weijters MJ, Janse JH, Alkemade R and Verhoeven JTA. (2009). Quantifying the effect of 
catchment land use and water nutrient concentrations on freshwater river and stream 
biodiversity. Aquatic Conservation: Marine and Freshwater Ecosystems 19: 104–112. 

WWAP (2015). The United Nations World Water Development Report 2015: Water for a 
Sustainable World. UNESCO, Paris. 

Zarfl C, Lumsdon AE, Berlekamp J, Tydecks L and Tockner K. (2015). A global boom in 
hydropower construction. Aquatic Sciences 77: 161–170. 

 
 
(Janssen et al., 2019) 
 
Christensen, V., Walters, C.J., 2004. Ecopath with Ecosim: methods, capabilities and 
limitations*1. Ecological Modelling 172, 109-139. 

http://www.nrcresearchpress.com/doi/abs/10.1139/f00-179
http://www.nrcresearchpress.com/doi/abs/10.1139/f00-179
http://www.nrcresearchpress.com/doi/abs/10.1139/f00-179
http://www.nrcresearchpress.com/doi/abs/10.1139/f00-179


Janssen, A.B.G., Janse, J.H., Beusen, A.H.W., Chang, M., Harrison, J.A., Huttunen, I., Kong, X., 
Rost, J., Teurlincx, S., Troost, T.A., van Wijk, D., Mooij, W.M., 2019. How to model algal blooms in 
any lake on earth. Current Opinion in Environmental Sustainability 36, 1-10. 
Kourzeneva, E., 2010. External data for lake parameterization in Numerical Weather Prediction 
and climate modeling. Boreal Environment Research 15, 165-177. 
 


	Main messages
	Main messages
	1.1.1 Introduction
	1.1.1 Introduction
	1.1.2 Goal
	1.1.2 Goal
	1.1.3 Methods and Analysis
	1.1.3 Methods and Analysis
	1.1.4 Results
	1.1.4 Results
	1.1.5 Discussion
	1.1.5 Discussion
	1.1.5 Discussion
	1.1.6 Conclusions
	1.1.6 Conclusions
	1.1.6 Conclusions
	1.1.7 Gaps and recommendations for future research
	1.1.7 Gaps and recommendations for future research
	References
	References

