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Chapter 5
Water Systems Links
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This section presents the results of indicators relating to the interactions between transboundary river basins and 
other water systems. While river basins interact with all other water systems assessed under TWAP (Aquifers, LMEs, 
Open Ocean and Lakes), either directly or indirectly, special attention under TWAP RB was given to lakes (via the Lake 
Influence Indicator) and Deltas (via the Delta Vulnerability indicators).

Lakes are important in providing buffering and storage capacity within transboundary river basins, thus directly 
influencing water quantity and quality within a given basin. The Lake Influence Indicator aims to highlight these 
important interactions and interdependencies, focusing on lake buffering and storage capacity within TWAP river 
basins.

Many river basins assessed under TWAP include deltas, occurring where a river flows into a lake or the sea. The 
physical geography of deltas often differs markedly from that in the neighbouring parts of the basin, in terms of relief, 
subsurface characteristics and hydrology. At the same time, many deltas are centres of large populations, agricultural 
production and economic activity, while maintaining direct connections to the health of the respective river basins. 
Deltas are therefore given special attention in the TWAP RB, and four Delta Vulnerability indicators were included for 
a selected number of deltas. 

The results of Lakes and Deltas indicators are presented below. Additional water system links are explored in the 
TWAP Cross-cutting Perspectives Report (www.geftwap.org).

5.1 Lake Influence 
Key findings

1. Low storage capacity can make basins more vulnerable to a changing climate: Basins which suffer 
from water stress, droughts or floods may be even more vulnerable if they also have low lake storage 
capacity to act as a buffer (e.g., north-west Africa, parts of basins in southern Africa, and the Indian sub-
continent). Water demand management in these areas is key.

2. The proportion of reservoirs to lakes can guide responses: Considering the proportion of reservoirs 
to natural lakes (i.e. the degree of controllable storage) provides further information for the design of 
response options to challenges such as water scarcity or exposure to floods. Response options are likely 
to be different in basins with high proportions of controllable storage compared to basins with high 
proportions of natural lakes.

Rationale

The main aim of the Lake Influence Indicator is to provide information about the buffering and storage capacity of 
lakes within transboundary river basins. In contrast to the flowing waters of rivers, lakes store water and release 
it slowly or, if managed, when required. Managed or unmanaged levels of lake storage therefore provide flood 
protection and alleviate water shortages for residential, commercial, industrial and agricultural uses downstream. 
Lakes also influence water quality, including the dynamics of nutrients and pollutants in the water column. For 
example, because of their large volumes and long water-residence times, the natural buffering capacity of lakes can 
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neutralize or otherwise remove pollutants entering them. At a certain point, however, the buffering capacity of a lake 
can be exhausted or overwhelmed, and the lake then becomes a source of pollution for downstream rivers until the 
pollutants contained in it are flushed out or otherwise neutralized.

Computation

In order to determine the influence of lakes in each river basin, the storage capacity of all lakes within the basin was 
determined and divided by the annual surface water availability in the basin. All lakes of the Global Lakes and Wetland 
Database Level 1 (GLWD1, Lehner and Döll 2004) were considered. Calculation of the Lake Influence Indicator requires 
information on the storage capacity of lakes, which was collected from various data sources (Global Lake Database, 
Global Lake and River Ice Phenology Database, World Lake Database, Lake Model FLake, and single papers/studies). 
If data for lake volume were not available, it was calculated from lake area and mean depth. When no information on 
lake volume or depth was available, lake volume was estimated using methods described by Ryanzhin (2005). Mean 
annual water availability (taking into account human impacts) for 1971-2000 was simulated by the Global Hydrology 
Model WaterGAP2.2 (Müller Schmied et al. 2014).

Results

The lake influence in each transboundary river basin is shown in Figure 5.1 for 1971-2000. A low buffering capacity 
of lakes in relation to annual river discharge (i.e. <25%) is found in most river basins in South America, Eastern 
Europe, Spain, the Middle East and South-East Asia, and some geographically-dispersed basins in Africa. A relatively 
high buffering capacity (i.e. >75% of annual flow) occurs in most basins in North America, Africa in the Nile basin 
and basins near and south of the Equator, Northern and central Europe (e.g. Scandinavia, Eastern France, Western 
Germany, Switzerland and Northern Italy), and some basins in central Asia (e.g. Jenisej, Har Us Bur, Tarim, Ili, Euphrat-
Tigris and Oral).

Figure 5.1. Lake Influence Indicator per Transboundary River Basin for 1971-2000, represented by the Ratio of Total Lake Volume 
to Mean Annual Water Availability. A relatively high buffering capacity occurs in most basins in North America, Africa in the Nile 
basin and basins near and south of the Equator, Northern and central Europe, and some basins in central Asia.



175

Water SyStem LinkS

Interpretation of results

The indicator describes the relative influence of lakes in each transboundary river basin measured by the storage 
capacity of all lakes in the basin in relation to the mean annual river discharge. In contrast to the other indicators in 
TWAP, the Lake Influence Indicator does not present results in terms of risk as there is no boundary condition or limit 
for defining an acceptable or unacceptable storage volume. Instead, the aim of this indicator is to provide additional 
information which indicates how a basin as a whole may react to certain threats, and how it relates to lake or river 
conditions (e.g. with regard to water quantity or quality). In principle, the higher the value of this indicator, the higher 
the buffering capacity of the lakes within the river basin.

In relation to water stress, lakes provide temporary water storage and hence a source of freshwater. The buffering 
effect of lakes also means that seasonal differences in flow are less pronounced since water is released slowly. River 
basins with a relatively small lake capacity may therefore be more vulnerable to water stress, especially in regions 
of high seasonal or inter-annual variability. In the TWAP RB, water stress is addressed by the Human Water Stress 
(#2) and Agricultural Water Stress (#3) indicators. River basins that are prone to water stress and have a relatively 
low lake buffering capacity can be found particularly in the Middle East (e.g. the Indus, Helmand, Hari and Murgab 
river basins), in South-west (i.e. Iberian river basins) and in South-east Europe (e.g. the Danube) and in North-west 
Africa at the edge of the Sahara desert (e.g. the Guir, Dra and Atui river basins). In contrast, water-stressed basins in 
South-west U.S.A (e.g. the Colorado and Rio Grande), Central Asia (e.g. the Tarim, Ili, and Aral Sea) and the Middle 
East (Tigris-Euphrates) have a high buffering capacity through lakes. The same applies to the Nile basin, but large 
geographical disparities in the large basin need to be considered. Most of the lakes in the Nile basin are in the upper 
part of the basin (i.e. in Uganda, Tanzania and Ethiopia), where most of the water is generated. In the lower part of 
the basin (i.e. Egypt and Sudan) most of the water is withdrawn due to high irrigation demand and a high population 
density. Here, at least the Nasser Lake provides large water storage which acts as a buffer for water stress. 

With regard to water quality, the buffering capacity of lakes can reduce water pollution of rivers downstream, e.g. 
by decomposing nutrients, neutralizing acids, and removing pollutants. This is because of the large water volumes 
and long water residence times in lakes. A large lake storage capacity within a river basin also results in lower 
concentrations of pollutants during dry seasons, because of the lower inter-annual variability with elevated low flows. 
Contamination by nutrients (particularly forms of nitrogen and phosphorous) increases the risk of eutrophication in 
rivers which can pose a threat to environmental and human health (e.g. algal blooms, decreases in dissolved oxygen, 
increases in toxins). The Nutrient Pollution Indicator (#4) (section 3.3.1) considers agricultural (e.g. fertilizer, manure, 
and livestock) and urban sources (e.g. sewage water), and thus diffuse and point sources. The Nutrient Pollution 
indicator shows that a large number of river basins in Europe have a high risk (i.e. risk category 4 or 5) of nutrient 
pollution. Among these basins, the lake buffering capacity is low (i.e. <25% of annual water availability) in Spain and 
France (e.g. in the Seine, Garonne, Ebro, and Duero basins) and in Eastern Europe (e.g. Elbe, Oder, Vistula, Neman, 
Danube and Maritsa basins). Other basins with a high risk of nutrient pollution together with a low lake influence 
are in Asia in the Ganges-Brahmaputra-Meghna, Bei Jiang, and Han basins, and in Africa in the Limpopo and Thukela 
basins. In North America, the Mississippi basin has a medium-high risk (i.e. risk category 4) of nutrient contamination. 
However, here almost 100% of the annual flow can be stored in lakes, where nutrients can be decomposed because 
of the long water-residence times.

While lakes act as a buffer and can reduce water quantity and quality threats, lakes and rivers interact with each 
other because of their hydrological connectivity. Problems of water scarcity with reduced river flows can reduce 
lake and wetland levels, thereby reducing aquatic habitats and harming freshwater ecosystems. The most notorious 
example is the demise of the Aral Sea by water diversion for irrigation, which is described in the literature as the 
biggest ecological catastrophe of human making. Problems of poor water quality in rivers can exhaust the buffering 
capacity of lakes, so that lakes themselves can become a source of pollution for rivers downstream for decades. 
Upstream rivers with high nutrient loadings can threaten the ecological integrity of lakes, leading to many of the 
eutrophication effects noted above for rivers. The water quality and quantity of lakes therefore need to be taken into 
account when interpreting the results of the Lake Influence Indicator. 
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For the purpose of this indicator, no distinction is made between natural and man-made lakes (reservoirs) since both 
provide buffering capacity. Dams can be managed in an optimal way, so that most water is stored in the reservoir 
in times of water scarcity and most storage capacity is reserved for flood control at times of higher flood risk. A 
large proportion of controllable water storage in a basin therefore offers opportunities for water management such 
as water supply for different water-use sectors during dry seasons, flood protection, electricity production, and 
navigation. So for basins with a high proportion of controllable storage, which also have high relative risk for Human 
Water Stress (#2), Agricultural Water Stress (#3), Exposure to Floods and Droughts (#15), further investigation may 
be needed into the potential for improvements in reservoir operation with the aim of reducing these other risks. 
Reservoir operations may already be optimized in some cases, but in others there may be scope for improvement 
through modelling and forecasting. 

However, the benefits gained by damming of rivers have often come at great cost to river ecosystem integrity and 
services. (i) Dam operations alter river flow regimes and thereby compromise ecological functions and habitats, 
and affect the dynamics of deltas, estuaries, floodplains and riparian wetlands (Poff and Zimmermann 2010; Lloyd 
et al. 2004). (ii) Dam walls disrupt longitudinal connectivity and thereby hinder migration and distribution of many 
organisms, as well as transport of sediment, nutrients and organic material (Pringle 2001). (iii) Dam releases often 
come from the lower layer of the lake and differ markedly from reservoir inflows with regard to water quality (e.g. 
lower temperature and reduced dissolved oxygen) (Petts 1984), and (iv) reservoirs contribute to greenhouse gas 
emissions, particularly in hot climates (St. Louis et al. 2000). Figure 5.2 shows transboundary river basins where the 
lake buffering capacity is achieved mainly by man-made rather than natural lakes, providing both opportunities and 
ecological risk resulting from controllable storage.

These basins are in Western U.S.A. and Northern Mexico (i.e. Colorado, Rio Grande, Yakui River basins), South America 
(i.e. only the La Plata basin), Spain and Portugal (i.e. Duero, Tejo, Guadiana and Ebro basins), Belarus, Ukraine and 
Western Russia (i.e. Dnieper, Don and Volga basins), Western Africa (i.e. Sassandra, Volta, Sanaga and Nyanga basins), 

Figure 5.2. Percentage of lake storage from dammed lakes to total lake storage within each transboundary river basin. Man-made 
lakes dominate in western U.S.A. and northern Mexico, the La Plata basin in South America, Spain and Portugal, Belarus, Ukraine 
and western Russia, southern and parts of western Africa.
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and Southern Africa (i.e. Orange, Limpopo, Sabi, Buzi, Etosha and Kunene basins). The ecological consequences of 
damming rivers are further discussed in the section on Ecosystem Impacts from Dams (#7) and Environmental Water 
Stress (#1). For example, hotspots of river fragmentation, flow disruption and dam density found by Indicator #7 (in 
North America, parts of Europe, South Africa and the Middle East) coincide quite well with the ratio of dammed lakes 
presented in Figure 5.2. However, in the Middle East and Eastern U.S.A., the ecological impacts are masked by the 
dammed lake ratio due to large existing natural lake storage in the basins (e.g. Lake Van and Dead Sea in the Middle 
East, and the Great Lakes in U.S.A. and Canada). Lake Van and the Dead Sea are characterized by a high salinity, 
making them mostly unusable for water-supply purposes. 

Limitations and potential for future development

In contrast to the other indicators in TWAP, the Lake Influence Indicator does not present results in terms of risk 
as there is no boundary condition or limit for defining an acceptable or unacceptable storage volume. Instead, this 
indicator can provide additional information by combining results with risk-based indicators from both the River 
Basin and the Lake Basin assessment. Future analysis may consider the links between river basins and lake basins 
more explicitly, including comparing risks in both. 

An extensive literature research was conducted for this indicator to collect lake storage capacity data from various 
sources. However, for about 40% of the lakes, the lake storage capacity needed to be estimated using methods 
described by Ryanzhin (2005). These methods depend on relationships between surface area and lake volume and 
entail a higher degree of uncertainty.

All lakes from the GLWD1 dataset were taken into account. This dataset contains larger lakes with a surface area ≥ 
50km2. In the future, also the GLWD-2 dataset, which comprises permanent open water bodies with a surface area ≥ 
1 km2, could be considered for this indicator. However, data on lake volume might be scarce for smaller lakes.
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5.2 Delta Vulnerability 
Key Findings

1. The vulnerability of deltas differs across the world: The results show a geographical spread of 
vulnerability depending on the indicator. The Ganges-Brahmaputra-Meghna delta appears to be the 
most vulnerable, followed by the Niger and Volta deltas. The Amazon, Orinoco and Yukon deltas appear 
to have low to moderate vulnerability.

2. Deltas in Asia are most at risk: In general the deltas in Asia seem to have the most serious challenges in 
terms of human vulnerability caused by a combination of relative sea level rise and population pressures 
(and sometimes poor delta governance).

Rationale

The delta is a major component of many river basins. Because of their location and geomorphological characteristics, 
many deltas have relatively high population densities, large agricultural outputs, considerable economic and 
ecosystem productivity and often still contain areas of international ecological importance. Their functioning is 
highly dependent on the characteristics and activities in the (transboundary) river basin. Of particular importance 
are river flows with accompanying sediment and nutrient fluxes. The transboundary influence on deltas is a major 
contributing factor to their sustainability, which is further determined by ‘local’ characteristics, such as population 
pressures and sea level rise. 

Delta vulnerability is a function of physical (fluvial) pressures, (local) state conditions and response capacities 
(governance). 

Selection of Deltas

All TWAP river basins were screened for significant deltas. A worldwide dataset of 84 important deltas was created 
using following criteria: 

• area of upstream river basin;
• delta area;
• delta population;
• ecological or agricultural importance;
• data availability.

The dataset was created by combining the World Delta Database with the overviews of Syvitsky et al. (2009), Ericson 
et al. (2006) and Bucx et al. (2010).

A subset of 40 deltas that are part of a transboundary river basin was identified and further subdivided into six 
classes:

***** basin area >100 000 km2 and delta area >1 000 km2 and delta population >1 000 000 and large data 
availability;

**** basin area >100 000 km2 and delta area >1 000 km2 and delta population >1 000 000;
*** basin area >100 000 km2 and delta area >1 000 km2;
** basin area <100 000 km2 or delta area <1 000 km2;
* basin area <100,000 km2 and delta area <1 000 km2;
0  basin area >100 000 km2, but no other data.

The 26 deltas rated *** and higher were selected for the assessment.
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Delta vulnerability Indicators

Delta vulnerability is based on four indicators:
1. Relative sea level rise (RSLR);
2. Wetland ecological threat;
3. Population pressure;
4. Delta governance.

At the start of the project it was decided that only a limited set of indicators would be used for the delta assessment, 
which best reflect vulnerability to the most important drivers of change and pressures. The RSLR includes sea level 
rise resulting from climate change, subsidence (natural and anthropogenic) and delta aggradation. The wetland 
ecosystems in deltas are particularly under pressure from urbanization, agricultural and aquaculture expansion, and 
industrialization. The wetland indicator is based on the ecological value and the documented threats to the wetlands. 
In addition to the generally high population pressure, rapid urbanization is occurring in many of the deltas. However, 
population density can also differ significantly between deltas. With deltas generally being under high pressure, good 
governance is of extreme importance for sustainable management and development. Three principles are used for 
the governance indicator: adaptivity, participation and fragmentation. These are assessed at four different levels of 
institutionalization. Compared to the five thematic groups of the river basin assessment, the RSLR corresponds best 
with Water Quantity, the Wetland Ecological Threat Indicator to Ecosystems, the Population Pressure Indicator to 
Socio-economics and the Delta Governance Indicator to Governance. 

In the course of the project it was decided that an overall Vulnerability Index as an average of the scores of the four 
indicators was not appropriate since most of the extremes would be levelled out to a general average value between 
2 (relative low risk) and 3 (relative moderate risk). Moreover combining the indicators would involve weighting, 
which might be done differently by different stakeholders, depending on their point of view. The final results are 
therefore presented for each of the individual Delta Vulnerability indicators separately.

The assessment methodology and results for the four Delta indicators are described in the following sub-sections.
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5.2.1 Relative Sea Level Rise (RSLR) 

Key Findings 

1. Sea level rise threatens deltas in Asia, Africa and America: Most of the deltas at very high risk are in 
Asia (Ganges, Indus, Irrawaddy and Mekong). A considerable number of deltas in Africa and America 
are also at (very high) risk, especially the Niger and Rio Grande. Europe has the fewest transboundary 
deltas, with only the Rhone at very high risk. Higher risk of relative sea level rise means increased flood 
risk which may result in loss of life and (severe) loss of economic and ecological assets.

2. Population increase is a major factor in the risk of sea level rise: One of the important factors for the 
RSLR is increasing population in delta (mega) cities, especially in Asia. This often results in less delta 
aggradation and increased human-induced (accelerated) land subsidence caused by severe ground 
water extraction in order to meet high(er) water demand.

Rationale

Many deltas are threatened by relative sea level rise (RSLR) resulting in increased flood risk (both coastal and 
freshwater), which can result in loss of life and severe impacts on human development and ecosystems. RSLR is 
determined by the balance between: (1) delta aggradation, (2) land subsidence and (3) sea-level rise. 

(1) Delta aggradation is caused by fluvial sediment supply, but may be strongly influenced by human flood 
protection infrastructure inhibiting the distribution of sediments over the delta surface. 

(2) Land subsidence results from various processes, some of which are natural (e.g., tectonic and isostatic 
movement, sediment compaction), while others are highly human-influenced, as a result of drainage 
activities or subsurface mining. 

(3) Sea-level rise is a world-wide process, but nevertheless spatially variable because of varying gravimetric 
effects. 

The RSLR indicator is based on the total sinking rate of the delta surface in mm/year (caused by the three components 
mentioned above) relative to the local mean sea level.

Computation

For the TWAP assessment, aggradation, subsidence and sea level rise are assessed for each delta from published data 
(Syvitski et al. 2009 and Ericson et al. 2006). On the basis of the available quantitative data, each delta is assigned to 
one of five relative sea level rise (RSLR) categories, largely following Ericson (2006), with category 1 representing no 
RSLR (<= 0 mm/yr) and category 5 representing high RSLR (>5 mm/yr).

Results

Of the transboundary deltas assessed, the most at very high risk are in Asia (Ganges, Indus, Irrawaddy and Mekong). 
Many deltas are also at (very high) risk in Africa and America, especially the Niger and Rio Grande. Europe has the 
fewest transboundary deltas, with only the Rhone at very high risk.
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Table 5.1. Relative risk categories for Relative Sea Level Rise (RSLR) (deltas)

Deltas Relative risk 
category

RSLR (mm/
year)

Source RSLR (mm/
year)

Relative Risk 
Category

A
m

er
ic

as

Amazon 2 0 - 1.5 Ericson <=0 1 Very low

Colorado 4 2- 5 Syvitski >0 - 1.5 2 Low

Grijalva 4 3 - 5 Ericson 1.5 - 3 3 Moderate

Mississippi 4 2 - 5 Syvitski  3 - 5 4 High

Orinoco 3 0.8 - 3 Syvitski > 5 5 Very high

Parana (La Plata) 3 2 - 3 Syvitski

Rio Grande 5 5 - 7 Ericson

Yukon 2 0 - 1.5 Ericson

Eu
ro

pe

Danube 2 1.2 Syvitski

Rhine-Meuse 2 0 - 1.5 Ericson

Rhone 5 2 - 6 Syvitski

Volga 1 0 Li et al.

Wisla 3 1.8 Syvitski

A
si

a

Ganges-Brahm’a-Meghna 5 8 - 18 Syvitski

Hong (Red) 2 0 - 1.5 Ericson

Indus 5 > 11 Syvitski

Irrawaddy 5 3.4 - 6 Syvitski

Mekong 5 6 Syvitski

Shatt-al-Arab 4 4 - 5 Syvitski

A
fr

ic
a

Congo 2 ? Syvitski

Limpopo 2 0.3 Syvitski

Niger 5 7 - 32 Syvitski

Nile 4 4.8 Syvitski

Senegal 4 3 - 5 Ericson

Volta 4 3 - 5 Ericson

Zambezi 4 5 IPCC

Figure 5.3. Relative Sea Level Rise Indicator (deltas). Includes reduction in sediment supply, land subsidence and sea level rise. 
Deltas in the higher risk categories have increased flood risk. 
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Higher risk of RSLR means increased flood risk, which may result in loss of life and economic and ecological assets. 
This involves, among others, coastal erosion, loss of (wet)lands and other natural resources, damage to (critical) 
infrastructure, buildings and industrial areas. The higher the risk category the more severe the impacts of actual 
flooding. However several kinds of adaptive measures can be implemented to reduce the risks (green/soft measures, 
civil engineering/hard measures and institutional/organizational measures).

One of the important factors for the RSLR is increasing population in delta (mega)cities, especially in Asia. This often 
results in less delta aggradation and increased human-induced (accelerated) land subsidence caused by severe 
groundwater extraction to meet high(er) water demand.

Results for this indicator can be compared with the river basins Water Quantity thematic group (section 3.2) to gain 
an understanding of the relative threat levels for deltas and their respective river basins. 

Limitations and potential for future development 

In the RSLR assessment, it was not possible to separately quantify the various components of aggradation, land 
subsidence and regional sea level rise.

Intra-delta spatial variability, which in many cases is high, is not taken into account; ranges provided are based 
on measurements at either different times or different areas of a delta (Syvitski 2009). Estimation of accelerated 
subsidence is problematic due to spatial and temporal variations depending on the location and intensity of the 
human activities causing the subsidence (Ericson 2006).

In the absence of reliable data, a factor of three times the natural subsidence rate is applied to define the upper limit 
of the potential accelerated subsidence based on the assumption that accelerated subsidence is a direct result of the 
magnitude of anthropogenic influence on delta sediment (Ericson 2006).

More research and data are needed for better estimation of the risk of RSLR and related impacts especially regarding 
land use, land subsidence and sediment supply.

5.2.2 Wetland Ecological Threat 

Key Findings 

1. Valuable deltas are at risk: The most valuable deltas (in terms of wetland area and ecological value) are 
the Danube and Volga deltas which still have large wetlands with high ecological value, but, as shown by 
the documented threats, they are also the deltas with wetland ecosystems that are most at risk.

2. American deltas are at lower risk: The deltas in the Americas seem to be less at risk than those in other 
continents. This is probably due to relative low human pressures and good governance.

Rationale

Wetlands are the most typical ecosystems in deltas. Information on wetlands in deltas provides an indication of their 
biodiversity value and level of natural state. In principle all types of wetlands can be found in deltas, including typical 
coastal wetlands such as mangrove, estuary and lagoon as well as freshwater wetlands (bogs, fens, lakes, marshes).

Computation

The determination of the Wetlands Ecological Threat Indicator is based on three main factors: 
1. The share of wetland ecosystems within the delta, based on data from the Global Lakes and Wetlands 

Database (GLWD- 3) (Lehner and Döll 2004). 
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2. The ecological value determined by the presence of:
a) Biodiversity Hotspot(s): regions of global conservation importance defined by the presence of high 

levels of threat (at least 70% habitat loss) in areas with high levels of species endemism (at least 
1 500 endemic plant species) (Myers et al. 2000);

b) Key Biodiversity Area(s) (KBA): sites identified as a conservation priority for a variety of species 
(birds, mammals, plants, etc.) (Langhammer et al. 2007); 

c) Ramsar site(s): areas that come under the Convention on Wetlands (Ramsar Convention), an 
intergovernmental treaty to maintain the ecological character of Wetlands of International 
Importance;

d) Global 200: ecoregions with conservation priority, identified by WWF (Olson and Dinerstein 
1998)26;

e) World Network of Biosphere Reserve(s): protected areas assigned under the Man and the 
Biosphere Programme (MAB-Reserve), UNESCO;

f) Formally protected areas: covers a number of protection categories; the formal protection most 
relevant for biodiversity is IUCN category 1-2.

3. The environmental threat:
a) Threats mentioned in descriptions of the biodiversity hotspots;
b) Threats mentioned in the Global 200 regions;
c) For those not covered, site descriptions from Ramsar or similar deltas were used.

The criteria are further explained in the Metadata sheet in Annex IX-6. Not all are formally recognized statuses for 
deltas.

‘Share of wetlands’ uses a score 1-5 on the basis of the share of wetlands compared to the total delta area (in %). 
The GLWD-3 contains 12 wetland classes, which are all given equal weight in the calculation of the fraction of the 

26 The Global 200 is the list of ecoregions identified by WWF, the global conservation organization, as priorities for conservation. According 
to WWF, an ecoregion is defined as a “relatively large unit of land or water containing a characteristic set of natural communities that share 
a large majority of their species, dynamics, and environmental conditions (Olson & Dinerstein 1998, 2002).
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deltas classified as wetlands. In a few cases a correction was made for the share of wetlands, where it is known from 
the statistical data that they include mostly farming areas (e.g. rice paddies or other farming areas, as in the Hong, 
Mekong, Senegal and Volta deltas).

‘Ecological value’ combines the six criteria mentioned above. All were simply scored with 1 (or 0.5 if the criterion 
applies only for a small part of the area) and added together to determine the score for the ecological value. 

‘Environmental threat’ is based on an inventory of the threats per delta ecosystem. Some 27 threats are cross-
tabulated. The information is based on the descriptions available for the Biodiversity Hotspots and Global 200 areas 
(see above and meta data sheet). In the few cases where no information is available for an area, information is 
used for adjoining rivers with additional information from the formal Ramsar site description sheets. The number of 
threats are scaled using a 1 - 5 point scale. 

Next, the ‘Calculated average wetland ecological Value (CV)’ is determined as the average of the scores of the share 
of wetlands and the ecological value. This results in a value ranging from 0.75 – 4.50. 

Then, the ‘Wetland Ecological Threat Indicator’ is calculated by multiplying the CV by the number of threats, resulting 
in values ranging from 2 – 17.5. Finally, this value is re-scaled to a scale 1-5, to make it comparable with the results 
from the other assessments of the other indicators.

Details of the various inventories and steps are given in Annex IX-6. The main results are presented below.

Results 

The ecological value of deltas is defined by the presence of wetlands, as well as the classification of (parts of) the 
delta as important areas for biodiversity. The most valuable are the Danube and Volga deltas which are still large 
wetlands, but, in combination with the documented threats, they are also the deltas with wetland ecosystems that 
are most at risk. Deltas with a high relative risk score are the Rhone, the Ganges-Brahmaputra-Meghna, the Congo 
and the Volta.

Figure 5.4. Wetland Ecological Threat Indicator (deltas). Based on the proportion of wetlands in the delta, the ‘ecological value’ 
and the threats to the wetlands. The Danube and the Volga are at highest risk. 



186

Transboundary river basins: StatuS and trendS

The Deltas in the Americas seem to be less at risk than those in other continents, which is often related to the human 
pressures exerted, but in some cases governance may affect this result since formal conservation or acknowledgement 
of value may be in place.

Table 5.2. Relative risk categories for Wetland Ecological Threat Indicator for the selected deltas

 Deltas
Relative Risk 

Category
Share wetland 

eco-systems
(S)

Ecological 
value

(V)

CV Calculated 
wetland 

ecological Value 
CV =(S+V)/2

Environ-
mental threats 

(scaled) 
(T)

Wetland 
Ecological 

threat
(CV*T)

America        

Amazon 2 4 0.5 2.25 3 6.75

Colorado 1 1 4 2.5 1 2.5

Grijalva 1 1 2 1.5 2 3

Mississippi 1 4 0 2 1 2

Orinoco 1 1 1.5 1.25 3 3.75

Parana (La Plata) 2 3 1.5 2.25 2 4.5

Rio Grande (R. Bravo) 1 1 1.5 1.25 2 2.5

Yukon 1 5 2 3.5 1 3.5

Europe       

Danube 5 5 4 4.5 3 13.5

Rhine-Meuse 3 3 2.5 2.75 3 8.25

Rhone 4 5 3 4 3 12

Volga 5 5 4 4.5 3 13.5

Wisla 1 1 1 1 3 3

Asia       

Ganges-Brahm’a-Meghna 4 4 4.5 4.25 3 12.75

Hong (Red River) 2 1.5* 3.5 2.5 2 5

Indus 2 3 3 2.5 2 5

Irrawaddy 2 3 2 2.5 2 5

Mekong 2 2.5* 2.5 2.5 2 5

Shatt-al-Arab 2 2 2 2 2 4

Africa       

Congo 4 2 2 2 5 10

Limpopo 2 4 1 2.5 2 5

Niger 3 3 2 2.5 3 7.5

Nile 1 1 0.5 0.75 5 3.75

Senegal 2 2.5* 1.5 2 2 4

Volta 4 2.5* 2 2.25 5 11.5

Zambezi 1 1 2.5 1.75 2 3.5

* corrected for large agricultural areas 

Wetland Ecological Threat Indicator. (CV*T) Relative Risk Category

1 - 4 1 - Very low

4 - 7 2 - Low

7 - 10 3 - Moderate

10 -13 4 - High

>13 5 - Very high
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Results for this indicator can be compared with the river basins Wetland Disconnectivity Indicator (section 3.4.1) to 
gain an understanding of the relative threat to wetlands in the delta and the respective river basin. 

Limitations and potential for future development

The indicator developed here is currently the best available, given the available data. There are however several 
shortcomings. The problem for some ecological indicators, for example the presence of a Ramsar site or protected 
status, is the fact that the assignment of a site on the official list is a function of political will rather than ecological 
criteria alone. We have therefore combined different ecological indicators, which are also partly based on objective 
scientific criteria such as species biodiversity or ecosystem value. Aberrations are therefore levelled out.

The data are better in the more developed countries, which may provide a slight bias, e.g. in Europe. 

The wetland percentage of deltas as derived from the GLWD is an important indicator of the ecological value, but in 
some locations (such as the Mekong, Hong, Senegal and Volta deltas), the delta is almost fully classified as wetlands 
according to the global lake and wetland database, while it is generally known that large parts of these deltas are 
used for agriculture. This is probably because a large part of the agricultural land is still under natural annual flooding. 
Some correction of the wetland share and the combination of this indicator with the ecological indicator leads to a 
balanced result.

The ecological value is only a proxy for the real value, since there is no adequate database available. 

The environmental threats are based on descriptions of deltas, rivers, and regions which differ in scale, author, and 
ecosystem. The purpose of the descriptions differ, as do the year of description. The number of threats are therefore 
not based on a balanced review of all deltas, rather it is an inventory of threats mentioned on different websites, and 
partly based on the country reports (e.g. on the Ramsar site sheets).This makes the source data rather diverse, and 
as a consequence the threats are difficult to compare for each delta. A more extensive review of all threats would be 
required for each delta to ensure that the descriptions are more homogeneous and comparable.

5.2.3 Population Pressure

Key Findings

1. Of the assessed deltas, those in the ‘very high’ relative risk category for population density are in Asia 
(Ganges and Hong) and Africa (Nile). 

2. The deltas usually have much higher population densities than the river basins, which can increase 
pressures on upstream areas. If socio-economic indicators for the respective river basin reveal high 
risk and the population pressure in the delta is also high, the situation may be more acute.

Rationale

High population pressures pose challenging demands on delta resources, such as freshwater, fertile soils, space and 
ecosystem regulation functions. This can also impact upstream river basin resources and their management. 

Population pressure is a relative measure on a scale of 1 to 5, based on the average number of people per square km. 

Computation

CIESIN (Center for International Earth Science Information Network) holds global data sets on population ( http://
sedac.ciesin.columbia.edu/data/collection/gpw-v3 ). 
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The Gridded Population of the World (GPWv3) shows the distribution of human population across the globe. This is a 
gridded, or raster, data product that renders global population data at the scale and extent required to demonstrate 
the spatial relationship of human populations and the environment across the globe. The data contains a projection 
of the number of people living in each 2.5 arcseconds gridcell for 2010, based on census data of 2000.

These data are combined with the defined extent of the deltas to calculate an average population density per delta. 
First, the population in all 2.5 arcsecond cells that have their centroids within the polygons of the deltas are summed. 
Then an average population density is calculated using the area of the delta.

Results

Of the assessed deltas of transboundary basins, the most at risk, caused by a very high population density, are in Asia 
(Ganges and Hong) and Africa (Nile). A few deltas in Asia, Africa and Europe are at high risk (Mekong and Irrawaddy 
in Asia, Niger in Africa and the Rhine-Meuse and Wisla in Europe). The deltas in South America have a very low 
population density and are therefore considered not at risk.

The results of this indicator can be aligned with results of the socioeconomic indicators for the respective river basin. 
For example, if vulnerability in the river basin is high, and population pressure in the delta is high, the situation may 
be more acute. 

Figure 5.5. Population Density Indicator (deltas). Deltas in the ‘very high’ relative risk category are in the Ganges and Hong deltas 
(Asia) and the Nile delta (Africa).
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Table 5.3. Relative risk categories for the Population Density Indicator for the selected deltas

Deltas Relative risk category Population Density Population Density 
(persons/km2)

Relative Risk 
Category

A
m

er
ic

as

Amazon 1 7.2 0 – 25 1 - Very low

Colorado 2 46.1 25 – 100 2 - Low

Grijalva 2 45.1 100 – 250 3 - Moderate

Mississippi 2 62.2 250 – 1 000 4 - High

Orinoco 1 6.3 > 1 000 5 - Very high

Parana (La Plata) 2 41.7

Rio Grande 3 141.0

Yukon 1 0.10 

Eu
ro

pe

Danube 1 21.7 

Rhine-Meuse 4 768.8 

Rhone 2 64.1

Volga 1 22.4 

Wisla 4 269.2 

A
si

a

Ganges-Brahm’a-Meghna 5 1 332.3

Hong (Red) 5 1 491.9 

Indus 3 141.5 

Irrawaddy 4 310.4 

Mekong 4 598.5

Shatt-al-Arab 3 179.2 

A
fr

ic
a

Congo 2 29.2

Limpopo 3 245.1 

Niger 4 293.2

Nile 5 1 854.1 

Senegal 2 54.7 

Volta 3 168.4

Zambezi 2 30.6

Limitations and potential for future development

The population pressure indicator quantifies the average population density in the delta. There is however no 
information on heterogeneity within the delta. There would be a difference if people are living together in some very 
densely populated cities, or are more or less spread over the total area. More detailed assessments with delineation 
of the urban areas are needed. 

Similarly, the elevations where people live are not taken into account. Improvement of the quality of the assessment 
would require the use of digital elevation maps.

Vulnerability also depends, to a large extent, on the quality of housing, which very much depends on the income of 
the populations, which is not taken into account in this indicator. The assessments could be improved by making use 
of socio-economic data or surveys. 
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5.2.4 Delta Governance 

Key Findings

1. Delta governance risks are high in Africa and some northern deltas (Colorado and Danube): The 
indicator shows that some of the least at-risk deltas are in Europe and North America. However, it also 
shows that some of the highest at-risk deltas are also in these continents (Colorado Delta and Danube 
Delta) because of the transboundary aspect. The African continent shows a moderate to very high risk 
for Delta Governance, thereby showing that this continent is at-risk from inadequate governance. 

Rationale

Governance describes the structures and processes for collective decision-making involving governmental and non-
governmental actors (Neye and Donahue 2000). Delta governance focuses on these aspects within a delta. The 
rationale behind this indicator is that deltas have multi-level, multi-stakeholder, multi-scale dimensions that require 
a specific approach for governance. As there is relatively little specific information on delta governance, the indicator 
assesses governance at the country level to approximate governance of the delta. Three key governance principles 
are used: adaptivity, participation and polycentric governance27. Adaptivity is a measure of the capacity of society 
and institutions to adapt to economic and political change. Participation focuses on transparency, accountability 
and participation (TAP) and can be used to analyse institutional performance as well as how stakeholders behave 
and relate to each other. Finally polycentric governance emphasizes the presence of several independent centres 
of authority in a governance domain. This creates opportunities for further development of environmental policies 
through policy innovation, consensus building and negotiations. It is also said to perform well regarding complex 
issues such as climate change adaptation. 

Different levels of institutionalization are used for the calculation of the Delta Governance Indicator. A typology of 
levels of institutionalization is helpful when conducting comprehensive institutional analysis. The typology used is 
based on the work by Williamson (1998), and Koppenjan, and Groenewegen (2005). The four levels are: (1) the 
meta level, i.e. norms, values, codes, orientation, culture, and informal institutions, (2) the macro level, i.e. formal 
rules, laws, regulations, constitutions and the process arrangements that constitute them, (3) the meso level, i.e. 
covenants, contracts, agreements, plans and the processes that constitute them and (4) the micro level, i.e. actors 
and interactions, aimed at creating or influencing services, provisions, planning, and outcomes.

Computation

The assessment is done to determine how the different countries score on the three key principles of delta governance 
on the different levels of institutionalization. This is done on the basis of various indicators from two sources: 

• Actionable Governance Indicators (AGI Data Portal) [https://www.agidata.org/site/SourceProfile.
aspx?id=21];

• Hofstede Centre, [http://geert-hofstede.com/].

The Delta Governance Indicator identifies the level of existence of the three key aspects of delta governance on a 
scale from 1 (practically no adaptivity, participation and hardly any polycentric governance) to 4 (a high score on 
adaptivity, participation and highly developed polycentric governance) based on 43 sub-indicators across the four 
institutional levels. In some cases there may be two sub-indicators per institutional level, and in which case the scores 
are averaged. Ultimately this means that there is one score for each institutional level of the indicator. For each of 
the three key aspects, the results for each institutional level are averaged. These three scores are then averaged to 
give an overall average for each Delta Country Unit (DCU). The results for each DCU are averaged on the basis of the 

27 In the annex and during the development of the methodology, the concept of fragmentation (Isailovic et al. 2013; Zelli 2011) was used. 
However as this concept has ambiguous connotations, it was changed to the term polycentric governance (Pahl-Wostl and Knieper 2014) 
as this concept explains a comparable dimension of governance, but is less ambiguous.
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relative area and population in each DCU compared with the entire delta, to provide the final delta governance score. 
More details on the computation are given in Annex IX-6.

Results 

The Delta Governance Indicator shows that, on the basis of the levels of adaptivity, (institutional) polycentric 
governance and participation in the specific countries, there is a certain level of (institutional) delta governance 
capacity available. The indicator shows that some of the least at-risk deltas are, as expected, in Europe and North 
America. However it also shows that some of the highest at-risk deltas are also in these continents (Colorado and 
Danube Delta), mainly because of the transboundary aspect.

Although the dataset used is not specifically aimed at the management of natural resources and the environment, it 
does provide insight into the capacity of the countries to manage both the environmental and natural resources of the 
delta. This is because the institutional capacity of a country has a cross-sectoral impact, which also includes natural 
resources and the environment. The results provide an indication of the likelihood of transboundary cooperation and 
the state of delta governance.

Figure 5.6. Governance Indicator (deltas). Governance risks, based on adaptivity, participation and polycentric governance, are 
high in Africa and some northern deltas (Colorado and Danube). 
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Table 5.4. Relative risk categories for the Governance Indicator for the selected deltas

Deltas Relative Risk 
Category

Governance
score

Governance score Relative Risk 
Category

A
m

er
ic

as

Amazon 3 6.7 > 8 1 Very low

Colorado 5 4.98 7 – 8 2 Low

Grijalva 5 4.98 6 – 7 3 Moderate

Mississippi 2 7.96 5 – 6 4 High

Orinoco 3 6.90 < 5 5 Very high

Parana (La Plata) 3 6.16

1This value is estimated since no governance 
data was available for the Irrawaddy delta

Rio Grande 3 6.65

Yukon 2 7.96

Eu
ro

pe

Danube 4 5.37

Rhine-Meuse 1 8.37

Rhone 2 7.24

Volga 4 5.57

Wisla 2 7.11

A
si

a

Ganges-Brahm’a-Meghna 4 5.53

Hong (Red) 3 6.21

Indus 4 5.25

Irrawaddy 31 …

Mekong 3 6.13

Shatt-al-Arab 5 4.90

A
fr

ic
a

Congo 5 4.85

Limpopo 3 6.09

Niger 4 5.31

Nile 4 5.19

Senegal 4 5.75

Volta 4 5.72

Zambezi 3 6.09

Limitations and potential for future development 

The general limitations of governance-oriented indicators are that they are often based on survey or interview data 
which is often described by critics as ‘subjective’ and they therefore argue that the perception-based data on which 
these indicators are based reflect vague and generic perceptions rather than specific objective realities. Furthermore, 
as described above, the indicators used to construct the Delta Governance Indicator are not specifically aimed at 
natural resource management or the environment. 

Additional assessment regarding delta governance could be done by means of (desk) research, questionnaires, 
interviews and (data) analyses.
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5.2.5 Summary of Delta Vulnerability Results

The overall vulnerability of the individual deltas is shown in Table 5.5. The colours and numbers represent the relative 
risk categories.

Table 5.5. Overview of the relative risk categories for the four indicators (deltas)

Deltas
Indicators

Relative Sea Level 
Rise

Wetland Ecological 
Threat

Population Pressure Delta Governance 

A
m

er
ic

as

Amazon 2 2 1 3

Colorado 4 1 2 5

Grijalva 4 1 2 5

Mississippi 4 1 2 2

Orinoco 3 2 1 3

Parana (La Plata) 3 2 2 3

Rio Grande 5 1 3 3

Yukon 2 2 1 2

Eu
ro

pe

Danube 2 5 1 4

Rhine-Meuse 2 3 4 1

Rhone 5 4 2 2

Volga 1 5 1 4

Wisla 3 1 4 2

A
si

a

Ganges-Brahmaputra-
Meghna

5 2 5 4

Hong (Red) 2 1 5 3

Indus 5 2 3 4

Irrawaddy 5 2 4 3

Mekong 5 2 4 3

Shatt-al-Arab 4 2 3 5

A
fr

ic
a

Congo 2 4 2 5

Limpopo 2 2 3 3

Niger 5 3 4 4

Nile 4 2 5 4

Senegal 4 2 2 4

Volta 4 4 3 4

Zambezi 4 2 2 3

The assessment shows a broad geographical spread of results for each of the indicators. Many deltas score relatively 
high on some indicators and relatively low on others. It also makes clear that many deltas are quite vulnerable and 
some are highly vulnerable. The Ganges-Brahmaputra-Meghna delta appears to be the most vulnerable with two 
relative risk scores of ‘very high’ and one score of ‘high’. The Niger and the Volta deltas follow with scores in the ‘very 
high’ and ‘high’ categories for three of the four indicators. 

In general the deltas in Asia seem to be faced with the most serious challenges in terms of human vulnerability 
caused by a combination of a high score for relative sea-level rise combined with a high population pressure (and 
sometimes poor delta governance). 
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Of the 26 deltas assessed, 15 have at least two scores in the ‘very high’ and ‘high’ categories for two of the indicators. 
The Amazon, Orinoco and Yukon deltas appear to have relative low vulnerability.

The Relative Sea Level Rise Indicator has the highest number of ‘very high’ relative risk scores, followed by the Delta 
Governance Indicator. The Wetland Ecological Threat Indicator has the highest number of ‘very low’ and ‘low’ scores. 
However, this might also be a result of the methodology applied for this indicator. 

Knowledge exchange between deltas (including lessons learned) and additional research are needed to address the 
knowledge gaps regarding the vulnerability of deltas and support the development and implementation of adaptive 
measures.

More in-depth information about the four indicators and incorporation of additional vulnerability indicators would 
give greater insight into the problems of deltas and the priorities for action to reduce their vulnerability. 

More research is also needed to link the results of the delta assessment to the results of the river basin assessments 
in order to better understand the interaction between interventions upstream in the basin on the functioning of 
delta systems and vice versa. 
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