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Summary (publishable) for 
policy uptake 

Groundwater dependent ecosystems (GDEs) are essential 
components of the watersheds which are under increasing pressure 
from human activities. Disruption of the natural groundwater- 
dependent ecosystem interaction, respectively changes in 
groundwater depth, pressure, quality and flow rate which 
influence dependent ecosystems rapidly, can potentially lead to 
biodiversity declines. A lot of efforts have been underway to 
develop meaningful indicators or to aggregate them in order to 
assess water resources. The use of indicators requires a 
comprehensive understanding of the structural components of  
GDE and the interactions, response to various stresses and spatial 
and temporal variability of these components. The DPSIR 
operational model represented the most appropriate framework 
for development of indicators package.  

The aim of the report is to give the coordinates for designing of 
appropriate configuration of  indicators set for assessment of GDEs 
vulnerability. An indicator matrix has been developed as a general 
frame for further specific indicators packages selection. Key 
components of indicator matrix are related to groundwater state, 
its quality, vulnerability and pressures, dependent ecosystems 
state and adjacent pressures within the catchment and their 
groundwater dependency.  Indicators have been carefully selected 
in order to maximize the amount and quality of information about 
the ecological integrity of a system while minimizing the time and 
expense involved. Based on expert judgment new indicators have 
been proposed in order to enclose all relevant aspects of GDEs 
vulnerability. Keeping objectives imposed by WFD and GWD 
implementation and a good collaboration and communication 
between indicator developers, monitoring programs and indicator 
users (water resources managers, environmental protection 
agencies), a GDEs vulnerability assessment scheme has been 
developed.  Multidisciplinary approach is the key element in this 

process of indicator generation and its further implementation.  

The Groundwater Ecosystem Protection Area (GEPA) has been 
defined as the administrative unit for ecosystem protection and 
impact assessment. Within these areas human impacts on 
groundwater quality and groundwater levels and flow patterns 
should be minimized or reduced below certain thresholds to 
protect ecosystems integrity. General criteria for setting GEPA 
have been discussed and further research needs for understanding 
complex interactions between groundwater and dependent 
ecosystems have been emphasized. Complementary “top-down” 
and “bottom-up” approaches of groundwater and dependent 
ecosystems by combining hydrogeological and ecological aspects 
(groundwater vulnerability and risk mapping, water quality 
indices, biotic and ecological indices) are useful tools  for 

supporting integrated river basin management plans.  

 

 



  
 

 4 

List of GENESIS partners 

Norwegian Institute for Agricultural and Environmental 
Research (CO) 

Bioforsk Norway 

University of Oulu  UOULU Finland 

Joanneum Research Forschungsgesellschaft mbH JR Austria 

Swiss Federal Institute of Technology Zurich  ETH Switzerland 

Luleå University of Technology LUT Sweden 

University of Bucharest UB Romania 

GIS-Geoindustry, s.r.o. GIS Czech Republic 

French National institute for Agricultural research INRA France 

Alterra - Wageningen University and Research Centre Alterra The Netherlands 

Helmholtz München Gesundheit Umwelt HMGU Germany 

Swiss Federal Institute of Aquatic Science and Technology EAWAG Switzerland 

University of Science and Technology AGH Poland 

Università Cattolica del Sacro Cuore UCSC Italy 

Integrated Global Ecosystem Management Research and 
Consulting Co. 

IGEM Turkey 

Technical University of Valencia UPVLC Spain 

Democritus University of Thrace DUTh Greece 

Cracow University of Technology CUT Poland 

University of Neuchâtel UNINE Switzerland 

Athens University of Economics and Business- Research Centre AUEB-RC Greece 

University of Dundee UNIVDUN United Kingdom 

University of Zagreb - Faculty of Mining, Geology and 
Petroleum Engineering  

UNIZG-RGNF Croatia 

Helmholtz Centre for Environmental Research UFZ Germany 

Swedish Meteorological and Hydrological Institute SMHI Sweden 

University of Bologna  UBOLOGNA Italy 

University of Kiel UKIEL Germany 

 



  
 

 5 

List of Figures 

Figure 1. The main consequences of degradation of GW quality and quantity on the ecological state of GDEs. ...... 12 

Figure 2.  A new River Regime Index (RRI) for some European rivers ......................................................................... 31 

Figure 3. Changes in pH during a 24-hour period in waters of high and low total alkalinities .................................... 35 

Figure 4.  Processes affecting the dissolved oxygen in groundwater .......................................................................... 36 

Figure 5.  Processes affecting the dissolved oxygen in surface water. ........................................................................ 37 

Figure 6. Conceptual scheme of temperature use to assess SW-GW exchanges ........................................................ 39 

Figure 7. DPSIR operational model for GDEs indicators development. ....................................................................... 57 

Figure 8.  Key components of designed indicators package. ....................................................................................... 58 

Figure  9. GDEs vulnerability assessment scheme. ...................................................................................................... 69 

Figure  10. Conceptual draft model for setting ecosystem protection areas or buffer zones for drinking water and 

for ecosystems. ............................................................................................................................................................ 75 

Figure 11. Complementary “top-down” and “bottom-up” approach for supporting integrated river basin 

management plans. ..................................................................................................................................................... 77 

 

List of Tables 

Table 1. Values for Water Stress Index. ....................................................................................................................... 21 

Table 2. Thresholds values for different chemical compounds and microbiological parameters in drinking water. .. 43 

Table 3. Soil humidity values (F values) taken from Ellenberg .................................................................................... 54 

Table  4. Proposed indicator matrix for GDEs vulnerability assessment ..................................................................... 59 

Table 5. Soil fertility values (N values) taken from Ellenberg ...................................................................................... 63 

Table 6 . Soil salinity values (S values) taken from Ellenberg ...................................................................................... 64 

Table 7. Soil acidity values (R values) taken from Ellenberg ........................................................................................ 65 

Table  8. CORINE land cover nomenclature ................................................................................................................. 66 

Table 9. Assessment of GDEs importance based on case studies information ........................................................... 71 

 

 



  
 

 6 

Table of Contents 
 

1. Introduction .......................................................................................................................................... 8 

2. Conceptual framework for GDEs assessment ......................................................................................... 10 

2.1. Considerations related to ecosystems assessment ......................................................................... 10 

2.2. Scale importance for GDEs assessment ........................................................................................... 12 

2.3. Groundwater dependent ecosystems classification ........................................................................ 13 

2.4. Ecosystem’s dependency on groundwater ...................................................................................... 15 

2.5. Concept of vulnerability and its application in GDEs assessment ................................................... 16 

3. Analysis of existing indicators developed for different GDE types and different components .............. 19 

3.1. Indicators of hydrogeomorphological units ..................................................................................... 20 

3.1.1. Groundwater indicators ............................................................................................................ 20 

3.1.2. River flow indices ...................................................................................................................... 29 

3.1.3. Tracers as indicators ................................................................................................................. 31 

3.1.4. Water balance components ...................................................................................................... 32 

3.2. Indicators of  physico-chemical components .................................................................................. 33 

3.3. Biological indicators ......................................................................................................................... 45 

3.3.1. Estuaries and coastal lagoons ................................................................................................... 50 

3.3.2. Springs ....................................................................................................................................... 51 

3.3.3. Running waters (rivers, streams) .............................................................................................. 52 

3.3.4. Terrestrial ecosystems .............................................................................................................. 53 

4. Designing of indicator matrix for GDEs vulnerability assessment .......................................................... 56 

4.1. GDEs vulnerability assessment scheme ........................................................................................... 68 

5. Potential of Genesis case studies for testing specific indicators (selected case studies from Norway, 

Finland, Czech Republic, Turkey, Greece, Poland, Sweden, Italy, Switzerland) ......................................... 70 



  
 

 7 

6. Criteria for setting Groundwater Ecosystem Protection Areas .............................................................. 73 

7. Recommendations for GWD input .......................................................................................................... 75 

8. Conclusions ............................................................................................................................................. 76 

9. References .............................................................................................................................................. 78 

ANNEX 1 ...................................................................................................................................................... 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

 8 

1. Introduction  

 

Indicators are powerful tools for making important dimensions of the environment and society 

visible and enabling their management. Adequate indicators can help to guide the major efforts 

needed for the economy and society to make the necessary transition (Dahl, 2012).  

Indicators serve a variety of policy goals. They help in the improvement of water resource 

management policy through better assessment of the water resource situation in a given 

hydrological, hydrogeological or spatial unit, through identification of critical problems and their 

causes and by providing a basis for comparison with similar spatial units elsewhere. This in turn 

leads to improved reporting on monitoring of progress against set targets and improved 

evaluation of water policy strategy and actions. Indicators provide also a basis for setting more 

appropriate national targets linked to policy goals and national legislation reforms and may 

provide for better mobilization of resources (Vrba and Lipponen,  2007). 

Indicators are widely seen as the media of choice for bridging between academic work and 

political needs. Political organizations often recommend the development  of indicators while 

teams of experts and academics carry out this task. Indicators, by their nature, seems to be useful 

media, because they synthesize  complex state of affairs (such as the vulnerability) into a single 

number (or describe complex systems in simple terms) that can then be easily used by policy 

(Hinkel, 2011).  

Indicators provide information on the system or process under consideration in an 

understandable way. They therefore act as an important communication tool for policy-makers, 

managers and the public. They evaluate the effect of performed policy actions and plans and 

assist in development of new actions. They also help to translate information need into data that 

have to be collected and to translate collected data into policy relevant information. Indicators 

can provide various types of information. The most common use of indicators is description of 

the state of the resource. Regular measurement of indicators provides time series (showing 

trends) that may provide information on the functioning of the system or its response to 

management. Another important function of indicators is communication. Indicators can be an 

instrument for communicating policy objectives and results in an understandable form to the 

public. An indicator value can also be compared to a reference condition and so it can be used as 

a tool for assessment. Finally, indicators can be used for predicting the future. When models are 

linked to indicators, a time series can be extended into an estimated future. Alternative scenarios 

can be assessed in terms of how well each one moves toward a desired state. 

However, the use of indicators requires a comprehensive understanding of the structural 

components of an ecosystem and the interactions, response to various stresses and spatial and 

temporal variability of these components. Rigorous testing and validation are necessary to 
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establish such understanding and this requires time and resources to develop (Adamus and 

Brandt, 1990, Innis et al., 2000). 

The relationship between the message of different indicators is complex, but careful assessment 

will allow policy makers to identify the aspects/ ecosystem types/ stressors which need much 

efforts for adapting/ changing/ improving of existing policies. There is a considerable amount of 

literature which criticizes developed  indicators as not being scientifically sound or policy 

relevant, which could induce the idea that the indicators are typical example of failed science-

policy communication (Hinkel, 2011). 

There are now working indicator systems for some elements of groundwater dependent 

ecosystems (e.g. groundwater indicators or water quality indicators according with WFD)  and 

these need to be strengthened and applied more consistently and universally. However much 

more still remains to be done to produce or to aggregate indicators relevant to assess 

vulnerability of GDEs.  

Different configurations of indicators set facilitate different views, which can be used to answer 

key policy questions, such as: what is the current status of dependent ecosystems? What are the 

causes (groundwater qualitative and quantitative status, main pressures on it) ? Why it is 

important and what are the main consequences? What actions can be taken?  

Having a common approach towards GDEs functioning and GDEs- GW interactions, GDEs 

vulnerability assessment requires a policy and scientific consensus. Many methodologies/ or 

indicators have been developed under national and EU research programmes (many projects 

developed as scientific support for WFD or GWD implementation in different EU countries) but 

still have not reached their potential. Improvements in data availability can be realised through 

better organisation and interoperability of databases. 

The aim of this report is to give the coordinates for designing of appropriate configuration 

of  indicators set for assessment of GDEs vulnerability. Indicators development is a long-term 

process which need  to invest a lot of financial and human resources. Within GENESIS 

framework we capitalized previous experiences and selected from large amount of existing 

indicators those relevant for GDEs. Based on expert judgment  new indicators  have been 

proposed in order to enclose all relevant aspects of GDEs vulnerability assessment.  

Main components of designed indicators package are related to groundwater  state, its quality, 

vulnerability and pressures, dependent ecosystems state and adjacent pressures within the 

catchment and their groundwater dependency. Detailed information related to data needed and 

calculation procedure is included in Annex 1 to this report. 

The proposed indicator matrix is the background for designing of appropriate indicators 

package for specific GDEs. Based on their characteristics (high diversity, high conservation 
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value of ecosystems, and exposure to different threats), Genesis case studies have a good 

potential for testing and validation of proposed indicators and assessment scheme. In order 

to be a valuable tool for water resources managers and other stakeholders the field testing 

and validation phase is proposed for next period and results will be included into 

Deliverable 7.8 Final technical report on groundwater vulnerability and indicators (project 

month 60). 

The designed indicator sets can also complement other indicators developed to assess the status 

or trends in other policy sectors (agriculture, forestry, health, sustainable development or even 

water resources management). It is suggested to combine indicators into sets or packages in 

order to provide better efficiency of the resources usage, to improve the current knowledge 

regarding GDEs and their functioning, create prerequisites for investment into designing of 

integrated monitoring systems (combined for surface and groundwater), improved dataflows and 

analytical methods.  

 

2. Conceptual framework for GDEs assessment 

2.1. Considerations related to ecosystems assessment  

 

The development of a conceptual framework for GDE assessment is an essential starting point 

for understanding functioning, its interactions with groundwater and adjacent ecosystems in 

order to be able to manage it. Development or designing of indicators package will include main 

hydrogeological, hydrochemical and ecological conditions required for assessment of GDEs 

under WFD and GWD.  

Groundwater dependent ecosystems are ecosystems which depend critically on groundwater 

input. If  this is not provided the ecosystem will have major changes in composition, structure 

and its functioning. Relationship between GW and dependent ecosystems has been sometimes 

translated as ecological function of groundwater (e.g. sustains spring discharges, river base-flow 

and many lakes and wetlands). Use of groundwater has increased significantly in recent decades 

due to its widespread  occurrence, mostly good quality, high reliability during droughts and 

generally modest development costs. 

Thus, dependent ecosystems/ dependent species are linked to groundwater attributes, respective 

GW quantity and quality. They are parts of status  assessment of GW and are relevant in 

characterization and risk assessment of GW (EC Technical Report No.6, 2011).  
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Removal of GW from these ecosystems, or a change in the timing, quality, quantity or 

distribution  of GW may influence ecosystems as it is shown in figure 1. Disruption of the 

natural GW-ecosystem interaction via recharge or extraction can further endanger some species 

and communities.  Changes in GW depth, pressure, quality and flow rate influence these 

ecosystems rapidly. Changes in land-use can also affect the quality of GW through increased use 

of pesticides, herbicides and fertilizers, which may ultimately reach the water table and then 

influence GDEs (Yuce, 2006). Slight alteration of GDEs may potentially lead to biodiversity 

declines and affect ecosystem structure and function (Melanie et al., 2003). The degradation of 

GW quality depends on the pollution loads and the behavior of pollutants as well as the 

geological and hydrogeological factors that control the flow and dispersion.  

Generally,  it is possible that changes to GDEs could occur as a result of increased groundwater 

extraction, depending on the extraction rates. However, it is not currently possible to evaluate the 

likelihood or magnitude of these changes in the absence of better hydrological and ecological 

understanding. 

Also, GDEs are essential components of the watersheds which are under increasing pressure 

from human activities. Main effects of human pressure are following: pollution from point and 

non-point sources, exotic species devastating native populations, erosion from cultivation and 

grazing in combination with altered hydrological regimes which determined substantial changes 

to sensitive habitats.  Human activities can change the structure, function and/or composition of 

the ecosystem or even completely eliminate sensitive species. These changes are crucial because 

represent additional effects to those induced  by GW-GDEs interactions.  
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Figure 1. The main consequences of degradation of GW quality and quantity on the ecological state 

of GDEs. 

 

The importance of interactions between groundwater and surface water bodies has been 

recognized for some time. The number of studies in this area is growing, however, partly due to 

realization that current understanding of the complex biogeochemical transformations that take 

place at the river–aquifer interface, for example,  is limited. Such transformations are likely to 

have a major impact on water quality and ecological health of groundwater dependent surface 

waters. In order to understand these mechanisms it is essential that a conceptual model of 

fundamental hydrological processes within the river corridor is developed for a specific site 

(Keery et al. 2007). 

A key component of any management issue related to GDEs, is the assessment of current 

ecological integrity. There have been methods developed and used for such assessment for 

different ecosystem types (aquatic, terrestrial, wetlands) that are currently employed by various 

agencies and institutions. But to assess how appropriate or successful these methods are for 

GDEs or how compatible are, it’s a matter of inter- and multidisciplinary work. However, based 

on an integrated conceptual model which considers GW-GDEs interactions, GW dependency and 

ecological state of dependent ecosystems taking into account also drivers and pressures at 

catchment level, the assessment of GDEs and its vulnerability will be feasible. 

 

2.2. Scale importance for GDEs assessment 

 

Scaling is an important attribute in indicator development and implementation. As the 

information needs may differ at local, regional and global levels, indicators developed for a 

certain spatial scale may not be useful at another scale. Another important issue is selection of 

the optimal spatial scale to aggregate and present the values of the indicator or index. For 

example, the same set of data aggregated at two different spatial scales may give two distinctive 

modes of interpretations. The most appropriate scale for groundwater indicator implementation 

from GDEs perspective is the groundwater basin or aquifer unit. However, some groundwater 

indicators are often applied at the national scale, too.  

The choice of the right scale depends on to which target group the indicators will be presented 

(local communities, planners, managers, decision makers, etc.). The importance of community-

based indicators, which set water related targets relevant for the local level is noted. The main 

advantages of these community indicators are the empowerment they grant to local water users, 

linking indicators directly to outcomes. The development of indicators by communities 
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themselves could become a learning process and its outcomes could be used by scientists and 

other indicator developers. 

Surface water and groundwater are a single resource, and as both are influenced by the 

landscapes in which they flow, they can be better managed by using a catchment scale rather 

than a local scale approach to ensure long-term ecological and socio-economic sustainability 

(Karaouzas et al., 2009). The catchment scale approach is involved in the Water Framework 

Directive (2000/60/EC) and aims to achieve good ecological quality of all Member State 

freshwaters within a catchment perspective by 2015. 

 

2.3. Groundwater dependent ecosystems classification 

 

In nature, groundwater is a key element in many geological and hydrogeochemical processes, 

and geotechnical factor conditioning soil and rock behaviour.  

Sinclair Knight Merz (2001) defined groundwater dependent ecosystems as a complex 

community of organisms where groundwater is a key element required for consumptive use, 

biophysical processes or as habitat.  Present concerns about the role groundwater plays in 

functioning of these ecosystems have been increased.  Because policy and management systems 

related to water resources consider groundwater dependent ecosystems they require research and 

monitoring efforts in order to estimate quantitative and qualitative groundwater input to ensure 

good ecological state estimation. 

To ensure the continued health of these ecosystems, the respective needs of the principal users of 

groundwater, that are natural and semi-natural (agrosystems and other land uses) groundwater–

dependent ecological systems, has to be formally recognized and provided for. Recognition of 

groundwater dependent ecosystems as a distinct group is relatively recent (Hatton & Evans, 

1998). Consideration of water requirements of groundwater dependent ecosystems has been a 

recent addition to water allocation decisions and therefore the allocation process is faced with 

little knowledge regarding the water needs of these ecosystems and the methodologies available 

for determining these. 

It has been identified components of different ecosystems which need groundwater for their 

growth and development which have been named major types of GDEs  (Hatton and Evans, 

1998, Sinclair Knight Merz, 2001, Froend et al., 2004):  

• Terrestrial vegetation – vegetation communities with seasonal or occasional dependence on 

groundwater (phreatophytic)  
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• Wetlands – aquatic communities and fringing vegetation dependent on groundwater fed lakes 

and Wetlands 

• Aquifer and cave ecosystems – aquatic ecosystems that exist in karstic, cave, porous and 

fissured aquifers. 

• River base flow systems – riparian or aquatic ecosystems found along rivers or streams in 

which groundwater flow is a component of the base flow or mean annual flow.   

• Terrestrial fauna – native species that use groundwater directly for purposes other than habitat. 

• Estuarine and near-shore marine ecosystems – plant and animal communities reliant to some 

degree on the discharge of groundwater. 

In our opinion, GDEs are all natural ecosystems which integrate such groundwater dependent 

components (cave and aquifer ecosystems, springs, streams, lakes, rivers, estuarine and coastal 

ecosystems, wetlands, riparian systems, alluvial systems and other terrestrial systems- wet 

forests, grasslands). Not only natural ecosystems are groundwater dependent, but also semi-

natural systems as agrosystems- different crops, vineyards, orchards which depend on GW 

input through irrigation. Socio-economic systems (settlements, rural localities, cities) have been 

indicated as groundwater-dependent systems by the indicator expressing the relation (in 

percentage) between groundwater and surface water used for public drinking water supplies.  

Such data are available in many countries and general trend is towards an increase of 

groundwater use for human population.  

Riparian systems have been massively altered over the last century by water development and 

land use practices. Because of its close dependence on streamflow, riparian vegetation is very 

sensitive to changes associated with water development and near channel groundwater 

alterations. The rapid decline of these valuable ecosystems has made riparian conservation a 

focal issue for many authorities, especially in North America. 

Within aquifer ecosystems hypogean invertebrates have increasingly being recognized for their 

potential as bioindicators of groundwater quality, especially in relation to heavy metals and other 

pollutants. Studies have shown that the invertebrate species living in these ecosystems are 

grazers and predators dependent on the biofilm that forms in freshwater habitats. These ancient 

species also provide insights into the interconnection of groundwater systems, past climate and 

evolutionary changes. 

Hatton and Evans (1998) described the majority of estuarine and near-shore marine habitats as 

using groundwater opportunistically or to a very limited extent. The potential of seagrass systems 

and near shore fisheries to be groundwater dependent has become a recent area of focus for 

marine ecologists. Despite increasing interest in the importance of groundwater discharge to 
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near-shore marine and estuarine ecosystems a great number of questions regarding the nature and 

degree of dependence remain unanswered. 

Determination of environmental water requirements (EWRs) requires an understanding of the 

relationship between these attributes and the dependent elements of an ecosystem and of the 

nature of any temporal variations. While GDEs will respond to changes in any of these attributes, 

the degree of change will vary. Some GDEs may show a threshold response, whereby exceeding 

an attribute value will result in ecosystem collapse. Others may only show a gradual change in 

structure, composition or health (Sinclair Knight Merz, 2001). 

The EU Water Framework Directive (WFD) requires those terrestrial ecosystems dependent on 

groundwater be identified and the anthropogenic pressures acting on the ecosystems analyzed. 

Where significant damage is occurring or could occur due to groundwater factors, then the 

associated groundwater body is considered to be at risk of not attaining “good status” as defined 

in the Directive. For rivers and lakes, “connection to groundwater bodies” is listed as a 

hydromorphological element supporting the biological elements. Identification of pressures 

(Annex II 1.4) and assessment of impact (Annex II 1.5) must therefore include diffuse pollution 

and pollution point sources discharging to the ground and groundwater abstractions which 

potentially reduce the baseflow to rivers and lakes (MacDonald et al., 2005). 

 

2.4. Ecosystem’s dependency on groundwater 

 

Part of the GDEs identification process is the determination of the degree of dependence of an 

ecosystem on groundwater sources. This is an important step in describing the potential impacts 

of altered water levels on dependent ecosystems.  

Groundwater attributes on which the dependency of GDEs is based are following (Froend et al., 

2004): 

• Flow or flux – the rate and volume of groundwater required to sustain an ecosystem. 

• Level – for unconfined aquifers, the depth of the water table below the ground surface. 

• Pressure – for confined aquifers, the potentiometric head of the aquifer and its expression in 

groundwater discharge areas. 

• Quality – the chemical quality of groundwater. 
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In their assessment, Hatton and Evans (1998) considered that the “...degree of dependence on 

groundwater was proportional to the fraction of the annual water budget that the ecosystem 

derived from groundwater.” They described five levels of groundwater dependence: 

• Ecosystems entirely dependent on groundwater – ecosystems that would be lost in response to 

any change in groundwater. Examples of these ecosystems in Western Australia include karstic 

groundwater systems in Yanchep and Cape Range.  

• Ecosystems highly dependent on groundwater – ecosystems that would demonstrate substantial 

decreases in health or changes in structure or composition in response to moderate changes in 

groundwater discharge or water tables. Near shore stromatolite systems of coastal Western 

Australia have been identified as having this level of dependence. 

• Ecosystems with proportional dependence on groundwater – ecosystems that would show a less 

than proportional change in health, composition or structure in response to a change in 

groundwater. Examples from Western Australia include damplands and sumplands of the Swan 

Coastal Plain and base-flow dependent systems of the south-west. Although base-flows are 

identified as essential to the maintenance of habitats. 

• Ecosystems which may only use groundwater opportunistically or to a very limited extent – 

long term changes in groundwater may have a negative impact on ecosystems which rely on 

groundwater only during drought periods or at the end of a dry season. Short-term reductions in  

water levels may show little impact. The jarrah forest and Banksia woodlands of south-west 

Western Australia provide an example of this level of dependence. 

• Ecosystems with no apparent dependency on groundwater – wetland ecosystems which seem to 

rely solely on surface water. Ecosystems thought to belong to this category include episodic and 

intermittent arid zone wetlands. It follows that the greater the level of dependence on 

groundwater the greater the potential impacts that may arise from altered water levels or changes 

in water quality. 

 

 2.5. Concept of vulnerability and its application in GDEs assessment 

 

A number of traditions and disciplines, from economics and anthropology to psychology and 

engineering, use the term vulnerability. It is only in the area of human–environment relationships 

that vulnerability has common, though contested, meaning. Human geography and human 

ecology have, in particular, theorized vulnerability to environmental change. Both of these 

disciplines have made contributions to present understanding of socio-ecological systems, while 

related insights into entitlements grounded vulnerability analysis in theories of social change and 



  
 

 17 

decision-making (Adger, 2006). The concept “vulnerability” has close relations with another 

concept commonly used in studies of impact of stressors: “resilience”. Whereas “vulnerability” 

has its origin in social sciences, and is now increasingly used in ecology, the concept “resilience” 

has its origin in ecological research, and is now increasingly used in social sciences (De Lange et 

al. 2010). 

Vulnerability is the degree to which a system, subsystem, or system component is likely to 

experience harm due to exposure to a hazard, either a perturbation or stress/ stressor. However a 

focus limited to perturbations and stressors is insufficient for understanding the impacts on and 

responses of the affected system or its components (Turner et al. 2003). Hazards are defined as 

threats to a system, comprised of perturbations and stress (and stressors), and the consequences 

they produce. A perturbation is a major spike in pressure (e.g., a tidal wave or hurricane) beyond 

the normal range of variability in which the system operates. Perturbations commonly originate 

beyond the system or location in question. Stress is a continuous or slowly increasing pressure 

(e.g., soil degradation), commonly within the range of normal variability. Stress often originates 

and stressors (the source of stress) often reside within the system. Risk is the probability and 

magnitude of consequences after a hazard (perturbation or stress). 

Williams and Kaputska (2000) define ecosystem vulnerability as the potential of an ecosystem to 

modulate its response to stressors over time and space, where that potential is determined by 

characteristics of an ecosystem that include many levels of organization, such as a soil, a 

bioregion, a tissue, a species, an organism, a stream reach. It is an estimate of the inability of an 

ecosystem to tolerate stressors over time and space. It is clear from the generality of this 

definition that finding a decomposition of the concept of vulnerability that can effectively guide 

the development and measurement of indicators is not easy. Usually, it is productive to start with 

a brief analysis of the concepts of value, resilience, risk, and scale, which are central to most 

definitions (Villa and McLeod, 2002). 

Conceptual work has not resolved the terminological and methodological confusion associated 

with vulnerability and related concepts. Little agreement has been reached beyond that there are 

competing conceptualizations of vulnerability and that vulnerability  is place-based and context 

specific (Cutter et al. 2003). The usage of vulnerability and related concepts was analyzed in 

conceptual papers and case studies from the climate change, disaster risk, poverty and food 

security, groundwater  literature. 

Vulnerability is driven by inadvertent or deliberate human action that reinforces self-interest and 

the distribution of power in addition to interacting with physical and ecological systems. There 

are also common terms across theoretical approaches: vulnerability is most often conceptualized 

as being constituted by a components that include exposure and sensitivity to perturbations or 

external stresses, and the capacity to adapt. Exposure is the nature and degree to which a system 

experiences environmental or socio-political stress. The characteristics of these stresses include 
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their magnitude, frequency, duration and areal extent of the hazard (Burton et al., 1993). Many 

assessments have focused on assessing the three arguments of this function (e.g. exposure, 

sensitivity, and adaptive capacity) separately, paying less or no attention to how to combine these 

arguments .  

The vulnerability concept has long tradition and use in hydrogeology (Gilbrich and Zaporozec, 

1994). The concept is based on the assumption that physical environments may provide some 

degree of protection to groundwater against human impacts. The groundwater vulnerability is 

considered as an intrinsic (or natural) property of a groundwater systems that depend on the 

sensitivity and/or ability of that system to cope with human and natural impacts (Foster, 1987). 

Traditionally, groundwater vulnerability has been used to express how exposed groundwater 

resources will be to contamination by activities and the addition of materials to the land (Skinner 

and Foster, 1995).  The vulnerability concept has to some extent also been applied to 

hydrological resource aspects (Kværner et al., 2006).  

The groundwater vulnerability literature traditionally distinguishes between specific and general 

groundwater vulnerability. Specific vulnerability relates to the potential effects of specific area 

use or contamination, whereas general vulnerability relates only to the geological and 

hydrogeological properties of an area, regardless of the nature of the pollutants (Gilbrich and 

Zaporozec, 1994, Zaporozec and Vrba, 1994). Some authors used the term “intrinsic” 

vulnerability, representing the protective function provided by the overlying layers, the 

geomorphology, and the hydrological regime to the main aquifer of an area, which determines 

the sensitivity of groundwater to contamination by human activities (Karaouzas et al., 2009). 

Numerous methods have been used for assessments of groundwater vulnerability. Soil 

properties, unsaturated zone lithology and thickness, net recharge, groundwater level below 

ground, aquifer media, aquifer hydraulic conductivity and topography are variables often 

considered in groundwater vulnerability assessments. 

Hydrogeological tools have been developed for assessing vulnerability and pollution risk of 

groundwater. Vulnerability and risk mapping for groundwater resources is a widely used 

approach for determining areas with high pollution potential and delineating aquifer protection 

zones. The risk of groundwater pollution depends on the vulnerability according to the aquifer 

properties and to the subsurface contaminant load induced by anthropogenic activities 

(Karaouzas et al., 2009). 

Generally, vulnerability informs on the potential for change by external impacts, and the 

vulnerability concept may for a wider and more general use be defined as “Degree of sensitivity 

to environmental change by external impacts” (Kværner et al., 2006). For GDEs and other 

ecosystems vulnerability reflect the degree of sensitivity of habitats, communities and species to 

environmental change. In GWD and WFD management context, the vulnerability of GDEs to 
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impacts on groundwater systems will be a particular interest. This can be defined as “Degree of 

sensitivity of habitats, communities and species to impacts on groundwater”, and will depend 

both on ecosystem- and groundwater system properties. 

Because vulnerability is a theoretical concept, it is more accurate to speak about making  the 

concept operational  instead of measuring it. In the case of vulnerability the operational 

definition is generally called the methodology  of a vulnerability assessment.  Indicators 

constitute one approach to making theoretical concepts operational.  

The development of vulnerability indicators in particular involves two unique challenges. The 

first challenge lies in the difficulty of exactly defining the vulnerable entity and second one is the 

forward- looking aspect of vulnerability (indication of a state that might or might not come) .  

Even local assessments targeting individuals or communities need to take into account the wide 

political, institutional, economic and social context that determines vulnerability, as expressed by 

the concept of  “contextual  vulnerability” (O’Brien et al. 2007). 

 

3. Analysis of existing indicators developed for different GDE 

types and different components (hydrological, physico-chemical 

parameters, biological compartments) 

 

Attempts to develop water related indicators are not new. Since early 1960s, efforts have been 

underway to develop a meaningful set of indicators and indices for  water resources. Different 

international programmes, national initiatives  as well as professional organizations have 

produced several important methodological guidelines toward indicator development. Within the 

implementation process of EU WFD at national level there are a lot of initiatives for 

development / updating/ aggregation of indicators for ecological state assessment of different 

types of aquatic ecosystems. Also, a balanced scientific and policy-based approach has been 

employed in developing groundwater indicators.  

There is a huge literature related to indicators which cover different components of aquatic 

systems (including springs, streams, rivers, lakes, wetlands, coastal lagoons and estuaries): 

-indicators of hydrogeomorphological units including groundwater: environmental tracers, water 

balance components, GW level and pressure, GW vulnerability, GW quality, river flow; 

-indicators of physico-chemical components or even  physico-chemical parameters as indicators: 

temperature, electrical conductivity, chlorophyll a, concentration of different chemical 

compounds, dissolved oxygen, NO
3
, NO

2
, NH

4
, PO

4
, metals; 
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-indicators of biological compartments/ trophodynamic modules: species richness of 

phytoplankton, macroinvertebrates, fishes, diversity indices, indicator species, multimetric 

indices.  

 

3.1. Indicators of hydrogeomorphological units 

3.1.1. Groundwater indicators  

Groundwater is currently considered a key resource under severe threat due to human 

consumption, pollution and climatic pressures (Danielopol et al., 2003). Groundwater quality 

depends on the quality of recharged water, atmospheric precipitation, inland surface water, and 

on sub-surface geochemical processes. Temporal changes in the origin and constitution of the 

recharged water, hydrologic and human factors, may cause periodic changes in groundwater 

quality (Younger, 2007, Vasanthavigar et al., 2010). 

Groundwater has three major roles providing the baseflow that keeps most rivers flowing all year 

long, maintaining good river water quality by diluting sewage and other effluents, and as an 

excellent source of water supply, providing over 75 per cent of the potable supply in some 

regions (Lerner and Harris, 2009). 

Bouwer (1978) defined safe yield as the “rate at which GW can be withdrawn without producing 

undesirable effects”. This is equal to average rate of replenishment or recharge, but accepts this 

concept has been stretched beyond its hydrological meaning. Recently there are arguments 

requiring to move away from regional water balance approaches  and focus more on local issues 

such as GW levels when considering sustainability (Jacobs & Holway, 2004). Understanding the 

role of GW in sustaining the environment is still in its infancy- more detailed consideration has 

been given to GW contribution to baseflow. As a result, the sustainable volume of GW available 

for abstraction has to be considered in a wider context than recharge and rates of abstraction. 

Indicators specifically related to GW include depth to GW, various GW quality parameters, 

people stock and crops supported by GW, and net amount discharged or abstracted (Montaigne, 

2002). 

Godfrey et al. proposed core indicators for GW that include intensity use of GW, total GW used 

per sector, people dependent on GW resources, GW salinity, GW nutrients and GW 

microbiology. Use of the proposed indicators will be hampered by a lack of data, spatial changes 

due to heterogeneous nature of fractured rock aquifers, and an inability to set sustainable 

thresholds (Parsons & Wentzel, 2006.).  

Good quality hydrological and environmental data monitored over a period of time are required 

before parameters such as GW levels/ depth to water table (DWT), chemistry and abstraction can 
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become useful indicators of sustainable GW use. To overcome current problems associated with 

a lack of good GW data sets, consideration is being given to using indicators that demonstrate 

when sustainable levels have been exceeded. These include sinkhole formation or subsidence, 

saline intrusion, reduction in baseflow or spring flow, vegetation die-off and emergence of GW 

supply problems or conflicts. While these indicators fail to provide early warning of impending 

problems, they do allow for a better appreciation of threshold levels- knowledge that could be 

used to good effects elsewhere (Parsons and Wentzel, 2006).  

Montaigne (2002) established a Water Stress Index where they related population density to 

water availability. Highly water stressed populations have been defined as those that use more 

than 40% of the available renewable water. Main categories are presented in table 1. Threshold 

level has been establish at 0.65. 

 

Table 1. Values for Water Stress Index. 

Status category Description 
Stress index (Abstraction/ 

recharge) 

A Unstressed or low levels of stress < 0.05 

B  0.05-0.20 

C Moderate level of stress 0.2-0.4 

D  0.4-0.65 

E Stressed 0.65-0.95 

F Critically stressed > 0.95 

 

Vrba and Lipponen (2007) proposed a short-list of indicators for groundwater sustainability 

derived from over one hundred conceptual water related indicators. We selected only GW 

indicators which we considered relevant from GDEs perspective. 

 

Total groundwater abstraction/ Groundwater recharge 

Groundwater recharge can be defined in a broad sense as “the addition of water to a groundwater 

reservoir”. Natural and induced recharge by downward flow of water through the unsaturated 

zone has been applied for the construction of the groundwater recharge indicator. This is 

generally the most important mode of recharge in arid and semi-arid areas. The main sources of 
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recharge are rainfall, surface water bodies, irrigation losses and seepage from urban water supply 

distribution and waste water collection systems. 

Total groundwater abstraction means the total withdrawal of water from a given aquifer by 

means of wells, boreholes, springs and other ways for the purpose of public water supply or 

agricultural, industrial permits for and evidence of groundwater abstraction are obligatory and 

registered. Data regarding groundwater abstraction from domestic wells are usually based on 

qualified estimation. Natural groundwater discharge through aquifer outflows (springs, discharge 

into the surface water bodies, base-flow) has to be estimated or calculated, where the relevant 

data are available. Total groundwater abstraction is calculated through the total estimated 

groundwater abstraction. 

        
                             

                    
     

It is critical to determine the recharge as realistically and accurately as possible. Attention should 

be paid to the time scale used for recharge calculation, particularly for arid and semi-arid 

regions, where heavy “event” rainfall may be more meaningful than weaker but regular rainfall. 

The use of annual average values thus must be carefully considered in the case of groundwater 

recharge estimation in such regions. 

Also, it should be noted that, the scenario of abstraction equaling recharge does not directly 

translate to sustainable groundwater development. There could be aquifers at regional and local 

level that are over-abstracted. It would be advisable to consider further factors for the application 

of this and similar indicators at national or regional level, e.g. coastal aquifers, country specific 

environmental reserves, potential international treaties, etc.  Geographical scale in the context of 

this indicator is important. 

 

Total groundwater abstraction/ Exploitable groundwater resources 

Total groundwater abstraction means the total withdrawal of water from a given aquifer or 

groundwater unit by means of wells, boreholes, springs and other ways for the purpose of public 

water supply and agricultural, industrial and other usage. 

The term “exploitable groundwater resources” means the amount of water that can be abstracted 

annually from a given aquifer under prevailing economic, technological and institutional 

constrains and environmental conditions. In many countries there is an intention to quantify the 

exploitable groundwater resources (called also usable groundwater reserves) for the large 

groundwater basins and aquifers. Such estimation is usually based on a combination of 

hydrological (hydrological budget equation) and hydraulic (finite element aquifer flow models) 
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methods, combined with ecological constraints. However, groundwater quality aspects have to 

be observed too, because groundwater quality changes due to various human activities may 

affect the overall groundwater exploitability. The above indicators should be used jointly to 

reflect the status of resource development from a given groundwater  system  from a water 

balance perspective. Similar name is Fraction of GW abstracted from allowed exploitable GW 

resources. 

 

Indicators for  impact of groundwater abstraction on streamflow 

In order to meet the requirements of WFD and GWD related to environmental flows, a novel 

concept based on a set of quantitative criteria has been developed. The concept of ensemble 

resource criteria can only be applied when the quantitative relationships and components of the 

groundwater flow system are described by means of a distributed dynamical numerical 

groundwater–surface flow model which allow discretisation and explicit representation in space 

and time of exchange flow components between saturated zone flow and unsaturated 

zone/overland flow, river reaches and drains (Henriksen et al., 2008). The approach of applying 

ensemble resource indicators  requires a large-scale integrated groundwater–surface water 

model. To simulate the groundwater flow system with emphasis on groundwater–surface water 

interaction, the MIKE SHE code) has been chosen  (Refsgaard and Storm, 1995, Henriksen et al., 

2008). MIKE SHE is a deterministic, fully distributed and integrated hydrological modelling 

system, which can describe the most important flow processes in the land phase of the 

hydrological cycle. 

For all four ensemble resource indicators proposed to characterize sustainable groundwater 

abstraction,  thresholds have been established as followings: 

-max abstraction = 35% of natural recharge   

-max increase of recharge = 30% of natural recharge  

-max reduction of annual streamflow = 10%   

-max reduction of low flows = {5%, 10%, 15%, 25%, 50%} depending on ecological objective 

of river reach.   

A weakness in the approach is that it is designed for a specific scale (300–2000 km2). Use on 

other scales therefore requires re-assessment of ‘sustainable fractions’ for all indicators. 

Furthermore, for optimisation of abstractions in an area, more specific and physically based 

indicators are necessary. 

The complementarity between monitoring and modeling approach provides an opportunity to to 

get a more complete picture of the water status. In this context, the numerical model and the 
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ensemble resource indicators seems to be promising novel tools useful for adaptive and 

integrated water resource management for evaluation of the quantitative status of groundwater 

bodies (Henriksen et al., 2008). 

 

Groundwater as a percentage of total use of drinking water at catchment level 

Groundwater is an important source of drinking water in many countries and the most reliable 

and safe source of drinking water in arid and semi-arid zones and small islands. Nearly half of 

the world’s population depends on groundwater for its drinking water supplies. Better 

understanding of groundwater systems and groundwater dynamics based on groundwater 

investigation, monitoring and assessment (both renewable and non–renewable) has led to 

increasing use of groundwater for drinking purposes in many parts of the world. 

Data for formulation of the indicator expressing the relation (in percentage) between 

groundwater and surface water used for public drinking water supplies are available in many 

countries. The indicator essentially indicates groundwater-dependency of socio-economic 

systems. 

 

Groundwater vulnerability 

Within this context the term natural (or intrinsic) vulnerability is defined solely as a function of 

hydrogeological factors – the characteristics of an aquifer and the overlying soil and unsaturated 

geological material. Specific vulnerability of a groundwater system, mostly assessed in terms of 

the risk of the system becoming exposed to contaminant loading, is not considered. 

The following variables are generally used to assess natural groundwater vulnerability: net 

recharge, soil properties, unsaturated zone lithology and thickness, groundwater level below 

ground, aquifer media and aquifer hydraulic conductivity. Topography (slope of the land) is 

often applied too. 

Formulation of groundwater vulnerability indicator is based on simple data usually available on 

geological and hydrogeological maps. The following three classes of groundwater vulnerability 

indicator based on assessment of three variables (the soil properties, lithology of the unsaturated 

zone and thickness of the unsaturated zone) are used: 

1. Highly vulnerable aquifers 

Uppermost water table aquifers overlain by permeable sandy soils and by permeable unsaturated 

zone (sand, gravel, sandstone, chalk, limestone) of limited thickness (less than 10 m); deeper 
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aquifers interconnected to the uppermost vulnerable aquifers; aquifers linked to surface water 

bodies; karstic aquifers; aquifers recharge area; part of aquifers in coastal area affected by 

seawater intrusion. 

2. Moderately vulnerable aquifers 

Deeper water table aquifers or semi confined aquifers overlain by less permeable soil (sandy and 

silty loam, loam, aggregated clay) and less permeable unsaturated zone of thickness between 10 

and 30 m. 

3. Low and negligibly vulnerable aquifers 

Deep confined renewable aquifers overlain by low permeable soil (clay loam, non aggregated 

clay) and a thick, low permeability unsaturated zone (more than 30 m). Deep mostly non-

renewable aquifers with groundwater which is not part of the hydrological cycle under current 

conditions and during recent geological periods. The unsaturated zone consists of impermeable 

or less permeable rocks and often reaches a thickness of hundreds or even thousands of meters. 

The proposed groundwater vulnerability indicator is based on the following relationship: 

      
∑                                                         

                  
     

The areas of aquifer(s) that present groundwater vulnerability means the sum of areas (km
2
) 

where there are different classes of groundwater vulnerability (high, moderate or low/negligible) 

observed. The denominator is the total studied area (km
2
) that are the aquifers, or part of the 

aquifers, under consideration. In  countries where water table aquifers in fluvial deposits linked 

to surface water bodies prevail (80%), groundwater vulnerability indicator will advice the 

planners and decision makers that these aquifers are highly vulnerable and need comprehensive 

protection and quality conservation policy. 

Protection of remaining 20% low vulnerable confined aquifers is focused mainly on aquifers 

recharge area covering 5% of aquifers surface. Therefore, groundwater vulnerability indicator 

shows that 85% of the country aquifers, or part of the aquifers, are highly vulnerable and 15% 

are low vulnerable. 

Assessment of groundwater vulnerability and formulation of groundwater vulnerability 

indicators support groundwater protection policy by giving guidance on sound land-use planning 

and sustainable managerial purposes. Natural groundwater vulnerability, ranked into three 

categories, can be used in formulation of a precautionary groundwater protection  policy. 

Groundwater vulnerability indicators also create public awareness about groundwater protection 

because the term “vulnerability” is very explicit and readily understood by non-specialists in 

hydrogeology. 
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Groundwater quality 

Groundwater quality indicators can inform about the present status and trends in groundwater 

quality and may help to analyze and visualize groundwater quality problems in space and time. 

An indicator may be developed and implemented with respect to drinking water standards, food 

processing, irrigation requirements, industrial use and others. It can also be devised for the 

special circumstances of naturally occurring contamination, mainly associated with inorganic 

species. This indicator also makes it possible to identify and to foresee the outcome of processes 

leading to groundwater contamination. 

Sampling for indicators of natural quality problems should be carried out in aquifers or the parts 

of aquifers where the geological and hydrochemical conditions suggest that there is a risk of such 

a problem occurring, including specific mineralogy or geochemical environment in the aquifers. 

      
∑                                              

                  
    % 

The area of aquifer that presents natural groundwater-quality problems means the sum of those 

parts of the aquifer in which the concentration of the indicator parameter exceeds the maximum 

level specified in the WHO drinking water guidelines (or equivalent). For naturally-occurring 

contamination, the substances of concern are: arsenic, iron, chloride (salinity) and fluoride, and 

less frequently magnesium, sulphate, manganese, selenium, or other inorganic species. 

Increasing concentrations of monitored variables need to be supported by statistical evidence, 

based on data from a longer period (three years or more), in order to indicate groundwater 

quality changes and problems. When just one or more of the variables mentioned above presents 

anomalous values (no tendency is observed), judgment should be made by local hydrogeologist. 

The proposed indicator for groundwater under human stress would be established based on the 

relationship: 

      
∑                                                           

                  
      

 

Total area where an increment of concentration for a specific variable was detected means the 

sum of all areas where an increase in concentration of chloride, nitrate or EC was detected during 

the observation period. Increasing concentrations of monitored variables need to be supported by 

statistical evidence, based on data from a longer period (three years or more), in order to indicate 

groundwater quality changes and problems. 
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Groundwater level and pressure 

It is important to distinguish between the depth to the water table from the ground surface 

(DWT) and the groundwater pressure  (or  the water table  height  level) relative to a fixed 

reference level.  

Because DWT is easy to measure and monitor in a borehole, it may appear an obvious indicator, 

at least at conceptual level. However its use as an indicator is undetermined by an inability to 

quantify limits of acceptable changes / to define thresholds. DWT reflects a balance between 

inputs (subsurface inflows and recharge ) and outputs (subsurface outflows and abstraction). If 

inputs are greater than outputs, water table levels rise until a new balance or equilibrium is 

reached. Conversely, when GW abstraction is initiated or increased, water table levels drop over 

a period of time until the level reflects the new balance. However a lowering of the water level 

does not necessarily reflect unsustainable GW use, but rather a shift toward a new balance. An 

inability to determine an acceptable degree of GW level change before abstraction induces 

undesirable effects and limits,  DWT being used as meaningful indicators of sustainable use 

(Parsons and Wentzel, 2006).  

The depth to the water table from the ground surface (DWT) determines the depth of the aerated 

zone. It is a fundamental ecosystem parameter for peatlands and other ecosystems with shallow 

groundwater. The different ecological niches at different DWTs are one of the most important 

features of peatland ecosystems. In wetlands vegetation physiognomy, plant occurrence and 

growth are related to the depth to the water table (Rydin, 2006). With increasing DWT in a 

wetland the maximum height of plants usually increases, and the lowest water tables will allow 

trees to grow (Verry et al., 1997). The depth to the water table also affect important  soil 

biological processes, in dry periods sulfides can be oxidized to sulphate, and stream acidification 

caused by episodic SO4
2-

 release from wetlands following droughts has been reported in several 

studies (Brække, 1981; Wieder, 1985; Bayley et al., 1986; Van Dam, 1986). The ground surface 

of peatlands is not fixed, and may move up and down as water tables fluctuate, depending on 

hydrological conditions and peatsoil properties. The smallest variation of DWT in peatlands 

occur in floating peats mats, where the ground surface can follow the water table even at 

considerable water table oscillations. 

Groundwater levels are important in the long term, because they co-determine the environment 

in which soil formation takes place. In humid areas, a leaching soil-water regime predominates 

on elevated terrain. This condition causes the leaching of cations and nutrients from the topsoil, 

which often forms the rooting zone. Only by recycling nutrients can the vegetation sustain a 

certain nutrient availability of the topsoil for some time, but the overall process is directed 

toward depletion and often acidification (Klijn and Witte, 1999). 
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Areas where groundwater recharge, or infiltration, predominates, are characterized by specific 

soil types, among which are Podzols, Luvisols, or in more extreme climates, Planosols. Many 

tropical soils are related to intensive leaching, which explains the susceptibility of many tropical 

ecosystems (rainforest) to disturbance. The nutrient recycling can be disturbed very easily(Klijn 

and Witte, 1999). 

In contrast, areas with groundwater discharge, or upward seepage, are enriched with the same 

cations that are leached from higher grounds. This condition means that in discharge areas the 

nutrient availability is often higher than in the surroundings, and acidification is counteracted by 

the absence of depletion, and, even more importantly, by the constant supply of buffering agents 

with the upward seepage. Thus, the higher grounds sustain the lower discharge areas, where 

nutrients and other ecologically important ions are delivered. Consequently, seepage areas and 

other terrains with shallow groundwater levels have their own specific soil types. Organic matter 

often accumulates in such areas, when climate allows, eventually culminating in the formation of 

peaty soils or even peat (Histosols) under climatic conditions that do not appear very favourable, 

such as in the tropics or the temperate zones (Klijn and Witte, 1999). 

DWT are measured in monitoring wells inserted in the ground surface, tubes with slotted or 

perforated along their entire length. The water levels in the wells can be registered manually by a 

measuring tape with a dipper or electronic device at the end, or automatically by pressure 

transducers connected to logger devices.  

The water pressure at a certain point in a groundwater system expresses the height (hydraulic 

head) and the hydrostatic energy of the groundwater relative to a vertical reference level.  

Whereas the depth to the groundwater table from the ground surface determines the extension of 

the aerated zone in GDEs, the differences in water pressure at different depths and locations 

determine water flow direction and flow within GDEs and between GDEs and the surroundings. 

Water pressure data thus complement the information from DWT measurements. 

The balance between supply of groundwater, and rain and surface water to GDEs will depend on 

the groundwater pressures outside and inside the ecosystems. Concentrations of nutrients, 

contaminants and pH usually differ between groundwater, surface water and rainwater.  Altering 

water pressure relationships around GDEs may not only influence depths to water tables, but can 

also change nutrient balance and contamination loads to these ecosystems.   

It is therefore important that water pressure measurements are not restricted to GDEs, but are 

carried out also in areas with potential inflow and outflow of groundwater and other areas that 

may hydrological influence the GDEs. 

Water pressure is measured in piezometers, which are tubes vertically inserted in the in 

groundwater bodies. They are open at the top and slotted or perforated at the lower end. The 
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water level in the piezometer relative to a fixed reference level will be a measure of the water 

pressure at the point of water intake. To measure vertical direction of water flow piezometers are 

placed in at chosen depths at the same location.  To measure horizontal directions of 

groundwater flow, piezometers with water intake at similar absolute level are installed at 

different locations. When hydraulic conductivity properties of the subsurface are known, the 

measured water pressures (water levels relative to a reference level) may also be used for 

estimating of the groundwater flow.  

 

3.1.2. River flow indices 

 

The natural river regime is a result of many interactions between geomorphology, geometry, 

hydrogeology and climate. Rivers experience a wide range of states like droughts and floods. 

Aquatic ecosystem components dimensions and also the number of their habitants are related to 

magnitude of flow rate and flow rate characteristics such as timing, duration, and frequency. The 

rate of change in a natural flow regime have an important role in aquatic ecosystems components  

for example insect life cycle, flower feeding or egg hatching are return to timing or the size of 

flood plain and riparian are related to frequency or duration of flow regime (Bejarano et al. 2010, 

Humphries et al. 2002, Poff & Allan 1995, Marchetti & Moyle 2001).  

Natural flow patterns have been altered due to water resources development, changes in forestry 

and land use patterns and climate change. The construction of more than 45000 dams with height 

more than 15 meters is the main reason why only 15% of world rivers flow in a natural regime 

(Bejarano et al. 2010, Nilsson & Berggren 2000). Also irrigation and the use of groundwater has 

changed base flow and increased the impact of droughts. Climate change is also a threat to river 

flow patterns. Different methods have been developed to assess impacts of changes in river 

regimes due to human disturbance and climate variability and change. At present more than 170 

methods were proposed for explanation of flow rate regime detail as indicator of hydrological 

alteration (Olden & Poff 2003).  

The first indexes were developed in the middle years of 1970´s (Olden and Poff 2003). Indicators 

have been developed for basic flow rate characteristics such as daily magnitude of flow 

(Clausen, Biggs 2000, Clausen, Biggs 1997), monthly flow magnitude, annually flow magnitude 

(Wood et al., 2000), low flow condition (Clausen & Biggs 2000, Wood et al., 2000), base flow 

(Poff et al. 1997, Richter BD, Baumgartner JV, Wigington R, Braun DP 1998), maximum flow 

(Clausen and Biggs 2000, Clausen and Biggs 1997, Poff et al. 1997, Richter et al., 1996) (Poff et 

al. 1997, Richter et al., 1998),duration of flow (Richter et al.,1998, Richter et al., 1996) ,timing 

of flow (Clausen and Biggs 2000), rate of change (Clausen and Biggs 2000, Richter et al., 1996). 
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Many variables influence the base flow contribution from a groundwater body to a surface water 

system. The variables include the geology, soil and drift cover, land use, land drainage, seasonal 

variation, climatic variation and the geomorphology of the catchment. It is not possible to 

provide an estimate of the likely range of contribution of baseflow linked to a particular rock 

type (for example limestone, volcanic rock or sandstone, etc.), to a surface water body as the 

other variables can have an equally strong influence on the baseflow contribution. 

The required data inputs to estimate baseflow by hydrograph separation including river water 

level or flow gauging from a representative network with regular (preferably daily) readings. It is 

recognised that baseflow assessments from hydrograph separation can provide an indication of 

groundwater flow to surface water systems. It may not give an exact figure, due to several 

influences, but it gives a reasonable estimate at a large scale. 

An estimate of the proportion of base flow contribution from a groundwater body to a surface 

water body can be derived in all Member States using several methods. Hydrograph separation 

and / or modelling appear to be the most appropriate methods available at groundwater body 

scale. It is recognised that more accurate, detailed assessments can be made for specific reaches 

of rivers but when considering interactions at a groundwater body scale the cost and time 

implications would be too great to provide that level of detail, a wider scale method is required 

(Pauwels et al. 2006). 

 

A new index RRI (River Regime Index) 

A new dimensionless index sensitive to climate change and land use changes was developed. 

First we developed the concept of unit hydrograph and unit river, to define a new parameter 

called monthly river regime point (MRRP). The river regime was then quantified by presenting a 

new index, the river regime index (RRI) that takes into consideration intra-annual regimes of 

rivers (Torabi Haghigi and Klöve 2012, in revision). With this index rivers are classified from 

absolutely regulated rivers to dry rivers with changing RRI from 0 (for absolutely regulated 

rivers) to 1200 (for dry rivers). The index was tested for 170 large rivers to demonstrate 

influence of RRI on variations in climate, baseflow, resevoirs and wetlands. The European rivers 

tested are shown in figure 2. 
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Figure 2.  A new River Regime Index (RRI) for some European rivers (Torabi Haghighi and Klöve, in 

revision). 

 

3.1.3. Tracers as indicators 

Environmental tracers are naturally occurring and anthropogenic substances that can be used to 

infer properties of groundwater systems related to origin, movement and mixing of water and to 

origin, transport and transformations of solutes. Tracer indicators are thus suitable for 

assessments of both the intrinsic and specific vulnerability of groundwater. Concerning the 

intrinsic vulnerability environmental tracers can be used to identify origin and quantify mixing 

proportions of waters in the GDE. Such application relies on the occurrence of distinct 

differences in tracer signatures among surface and groundwater sources to the GDE. Once 

recognized, these differences can be used to monitor changes in the relative contributions of 

waters of different origin to the GDE. Chapman et al. (2003) used stable isotope composition of 

water to quantify spatially and temporally variable groundwater contributions to valuable high-

altitude fens in Colorado. Pang et al. (2010) used tritium and stable isotopes of water to study 
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groundwater recharge and flow patterns in a degraded riparian vegetation. They found that high 

tritium levels indicate conditions favourable for the riparian vegetation as it depends on 

groundwater recharged from the river.  

Tracers provide also timescales of water movement (groundwater age; cf. Deliverable 2.2). 

Knowledge of groundwater age distribution contributes to the assessment of GDE vulnerability 

to climate and land-use changes, groundwater exploitation and pollution. Dominant time scales 

of water flow and solute transport to the ecosystem determine time lags associated with its 

responses to both commencement and cessation of such disturbances. Systematic observations of 

groundwater age based on environmental tracers and numerical modelling help to assess 

dynamics of interactions between groundwater and GDEs and of time scales in which 

ecosystems react to exploitation and pollution. Bayari et al. (2005) provide three examples of 

such approach applied in groundwater dependent ecosystems from Turkey. Concentrations of 

tritium or other gaseous tracers of anthropogenic origin in points of discharge may be used as 

direct indicators of vulnerability to pollution (Hinsby, 2006). Lack of these tracers in 

groundwater indicates that groundwater is not vulnerable to recent pollution. In springs and other 

groundwater dependent ecosystems proportions between the old and recent components may 

differ at wet and dry seasons and tracer concentrations should be checked at different times 

accordingly. Concerning the specific vulnerability to pollution stable isotope systematics of 

nitrogen and sulphur provide information on sources and transformations of these biogenic 

elements in the GDEs (Michener and Lajtha, 2007). A simultaneous analysis of stable isotope 

compositions of nitrogen, sulphur and oxygen in nitrates and sulphates allows identification of 

their natural and anthropogenic sources and provides evidence for denitrification, sulphate 

reduction, etc. (Kendall and Aravena, 2000; Krouse and Mayer, 2000).  

Environmental tracers can serve as operational indicators of vulnerability of the GDEs to the 

adverse effects of groundwater pollution and exploitation but their application is case specific 

and requires understanding of principles of tracer techniques. 

 

3.1.4. Water balance components  

A GDE can be supplied by several sources of water. The general water balance equation for a 

GDE that has a groundwater capture zone and a surface catchment is: 

P + Rgwi + Rswi = ET+ Rgwo + Rswo ± ΔS 

where water input is from precipitation and snowmelt (P), groundwater input from the aquifer 

(Rgwi) and surface water runoff from the surrounding catchment area (Rswi). Water lost by 

evapotranspiration is denoted by (ET), groundwater outflow to the aquifer by (Rgwo), and runoff 

to surface waters by (Rswo). A storage term (ΔS) is needed to account for short term changes in 
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water levels and soil moisture. In cold conditions, additional snow and ice storage, accumulation 

and melt must also be accounted for. In coastal regions, sea water intrusion must be included in 

the water balance terms.  

P and Rswi can be estimated by a hydrologist for an ungauged catchments from the available 

climate data and regional hydrological data, such as specific runoff (mm/year ). The estimation 

of Rgwi is not straight forward as the capture zone for a GDE system is not always evident. 

However if the term is large (e.g. compare to the regional specific runoff) it can be expected to 

be measured by a few measurements.  Difficulties in catchment boundary determination could 

occur if, the surface water divide deviates from the groundwater divide by e.g. water input is 

from fractures outside of the watershed.  Soil properties, land slope and climate influence the 

hillslope hydrological processes and the input of surface and groundwater to e.g. a GDE system 

that lie at low position in the landscape.  

Due to land use change in the aquifer and groundwater water extraction the terms Rgwi and Rswi 

can be reduced.  The impact on ecosystem can be assessed by comparing the change in these 

input terms.  If the change is marginal then the impact is probably small. In some cases these 

terms are severely reduced and the impact is large. The impact assessment should focus on dry 

years (e.g. return period 1/150 and 1/100).    

 

3.2. Indicators of  physico-chemical components 

 

A wide range of physical, chemical, and biological processes control the mass transfer between 

the solids, gases, and fluids within and on the interface of the biomes. The following major types 

of reactions can occur: acid-base, precipitation and dissolution, sorption and ion-exchange, 

oxidation-reduction, biodegradation, volatilization of gases, complexation and hydrolysis. As a 

result aging of organic matter, weathering of minerals, precipitation/dissolution of redox 

elements etc may occur. These processes modify water quality and provide chemical signatures 

to the water from different sources. These signatures can be used to understand groundwater 

processes and trace the water origin. For these purposes natural or environmental tracers are 

applied and methods are termed as physico-chemical. 

Physico-chemical methods provide alternative choices for the SW-GW interactions assessment 

and are nowadays increasingly used. Indeed, they belong to easy and relatively inexpensive 

techniques that allow collection of continuous data series with the help of simple and reliable 

measurement instruments. In regards to GDEs, physico-chemical methods combine 

measurements of temperature, electrical conductivity and geochemical signatures as 

environmental tracers which may provide information on hydrogeochemical exchange and may 



  
 

 34 

be considered as indicators of environmental conditions for the biological status of the ecosystem 

(Malcolm et al., 2009). 

 

3.2.1. pH, Alkalinity and Buffer Capacity 

 

pH is defined as a negative decimal logarithm of the hydrogen ion activity in a solution. 
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where aH+ is the activity of hydrogen ions in units of mol/L (molar concentration). pH (Potential 

Hydrogen) is a measure of the acidity or basicity of an aqueous solution. As a numerical value, 

pH is a function of many transport and biogeochemical conversions such as 

 Metal-non metal reactions 

 Bacterial activity degradation 

 Primary production and respiration 

 Reactions related to organic matter, especially weak organic acids 

 Transport of humic and fulvic acids into the water 

 Pollutant discharges and leaching 

indicating the progress of those processes. Changes of pH are important in simulations for 

several reasons: 

 pH affects the ionization of ammonia and potential resulting toxicity on aquatic 

organisms. Unionized ammonia is toxic and its fraction in total ammonia as a function of 

temperature and pH can be estimated using the equations below: 

pH
KelvinsineTemperatur

ammoniaUnionizedFrac





92.2729

09018.0

101

1

 

 pH affects the hydrolysis and ionization of organic chemicals which potentially has 

effects on chemical fate and the degree of toxicity 
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 pH also affects the decay of organic matter and denitrification of nitrate which could 

eventually feed back to the organisms 

 pH affects the occurrence, equilibrium and kinetics of many geochemical reactions. For 

example, if pH exceeds 7.5, calcite precipitation can take place which may have a 

considerable effect on the food-web. 

Besides pH, alkalinity measures the total amount of base present and indicates a waters ability to 

resist large pH changes, or the “buffering capacity.” Because of biological activity, water with 

low alkalinity is subjected to considerable pH changes, even within a day. 

 

 

Figure 3. Changes in pH during a 24-hour period in waters of high and low total alkalinities (Wurts 

and Durborow, 1992). 

In general, the pH of ground water ranges from 6.0 to 8.4. pH and alkalinity in an ecosystem are 

influenced by the chemical composition of all waters flowing into the system, including the 

groundwater inflows. Therefore, pH and alkalinity can be considered as an indicator for 

groundwater dependent ecosystems as it is shown in figure 3. Both are very easy to monitor.  

One must always keep in mind that it is not possible to determine strict values for pH that define 

a good or bad status for an ecosystem, since each organism has its own pH tolerance. However, 

changes and trends in pH can be monitored and the reasons for these changes can be 

investigated. Unlike the rainwater that forms the direct runoff components into a GDE, 

groundwater is considered to have high “buffering capacity” depending on the geological 
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formations conducting it (Wisoztky, 2011) and therefore is important to provide a more stable 

pH in a GDE. If the pH fluctions in an ecosystem increase considerably during the periods of low 

base flow, the related ecosystem can be considered as groundwater dependent. 

 

3.2.2. Dissolved Oxygen 

Dissolved oxygen is essential for most forms of life in any ecosystem depends on many 

processes as shown in the figures 4 and 5. It is relatively easy to monitor and a well accepted 

indicator for the state of any aquatic ecosystem. 

 

 

Figure 4.  Processes affecting the dissolved oxygen in groundwater (Malard and Hervant 1999) 
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Figure 5.  Processes affecting the dissolved oxygen in surface water. 

 

Dissolved oxygen in groundwater is spatially heterogeneous at different spatial scales. This 

heterogeneity is an essential feature of the groundwater environment and reflects 

 changes in sediment composition and structure 

 groundwater flow velocity 

 organic matter content 

 activity of microorganisms 

Dissolved oxygen changes temporally in the hypoheric zones of streams and recharge areas of 

aquifers.  

Dissolved oxygen in groundwater is a supportive determined for assessing nitrogen pollution. In 

several countries the level of dissolved oxygen concentration is rather low which indicates that 

nitrogen pollution might not only be evident by nitrate but also by nitrite and ammonium 

(Lindinger and Scheidleder, 2004).  

In the WFD, dissolved oxygen (DO) levels are based on criteria set for fish in transitional waters 

which provide limits to the optimum conditions for juvenile fish within the freshwater reaches of 

estuaries (Best et al., 2006). When DO concentrations fall below 5 mg/l, sensitive species of fish 
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and invertebrates can be negatively impacted (Delvin et al., 2007). At levels below 2.5 mg/l most 

fish are negatively impacted (Frodge et al., 1990). Groundwater dwelling organisms are more 

resistant to hypoxia than epigean species, however they survive severe hypoxic conditions for a 

limited time. For example, Malard and Hervant (1999) report that the lethal time for 50% of the 

groundwater macro-crustaceans at dissolved oxygen concentrations less than 0.01 mg/L ranged 

from 46.7 to 61.7 hours. 

Reduced levels of DO can also impact biogeochemical reactions (Diaz, 2001). Low 

concentrations of DO over prolonged periods may slow rates of nitrification and denitrification 

(Kemp et al., 1990), while rapid alternation between oxic and hypoxic conditions can enhance 

denitrification (Knowles, 1982). 

 

3.2.3. Water temperature  

In natural systems where no significant phase change (e.g. evaporation) occurs, temperature can 

be used as a heat flow tracer. The interest in temperature monitoring of GDEs is based on the 

principle that groundwater temperature is relatively stable throughout the year whereas surface 

waters temperature heavily depends on daily and seasonal air temperature variations. Where 

these two systems are hydraulically connected, heat (energy) in the subsurface is transported by 

flowing water (advection), as well as by heat conduction via the fluid and solid parts of the soil 

matrix (e.g. Stallman 1965). The advective flow strongly influences the temperature distribution 

in the mixing zone between groundwater and surface water, called hyporheic or hypolentic zones 

(HZ) respectively for flowing and lentic systems. Hence water movement between groundwater 

and surface water can be traced by measuring temperature distributions between the two systems 

(Constantz and Stonestrom, 2003; Anderson, 2005).  

Thus, temperature is intensively used as qualitative and/or quantitative indicator of flow in most 

of GDE investigations. At first, spatio-temporal thermal variability in the HZ permits to allocate 

zones of groundwater recharge or discharge. Schematically, gaining river reaches or lake shores 

are characterized by relatively stable temperatures, whereas losing reaches demonstrate vastly 

variable heat balance behaviour (figure 6; Shimada et al., 1993). Secondly, quantitative variables 

can also be estimated. Thermal patterns of the HZ can be used to derive hydraulic conductivities 

(Su et al., 2004) if water fluxes are known. Flux estimates are possible by fitting solutions of the 

heat flow equation to observed temperature distributions in the soil. This approach implies to use 

heat capacities and conductivities of water and rocks and to identify the hydrological state of the 

system that is steady-state or transient. In this later case, boundary conditions should be 

controlled with care, what increase the input data requirement (Anibas et al., 2009). 
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Figure 6. Conceptual scheme of temperature use to assess SW-GW exchanges in a gaining (left) and 

losing (right) reach.  

 

From a technical point of view, most of the temperature sensors are portative, simple to set up, 

robust, accurate (accuracy ±0,1°C) and inexpensive in comparison to other environmental 

measurements devices. Expanded memory permits long working time. Recently, significant 

progress were made in the understanding of HZ processes, through high frequency monitoring 

(Hoehn and Cirpka, 2006; Vogt et al., 2010). This tool was also revealed to be highly useful to 

understand a disturbed system such as hydropower regulated environment (Gerecht et al., 2011). 

The method was discovered to be the most useful when a distinct difference between the two 

sources occurs. Apart from direct measurements of temperature using deployed sensor 

techniques an IR technology can be applied where large scale spatial distribution of 

recharge/discharge zones should be defined.  

Thus, in several GENESIS case studies, temperature monitoring at various spatio-temporal 

scales is actively employed. For example, the evaluation of lake-groundwater interactions 

(localizations, fluxes) was carried out within a large esker body in Finland (UOULU); and river-

groundwater interaction downstream of a dam in Sweden (LTU) in order to provide basis for 

flow modeling. 

Due to retardant behavior of temperature (especially where conduction is important transport 

mechanism in comparison to advection), this tracer cannot be easily used to evaluate water 

transit times over long distances. Combination with another tracer technique is often necessary. 

 

3.2.4. Electrical conductivity 

Electrical conductivity (EC) is an indicator of ionic content of water. Usually, there is a large 

difference in EC between surface water and groundwater. This difference is due to heterogeneity 

of transit times (generally longer within aquifer, allowing longer water-rocks interactions) and of 

weathering degree (alteration power is higher in sub terrain systems due to higher pCO2) (Appelo 

and Postma, 2005). This gradient is even greater in coastal areas where GDEs are influenced by 

seawater intrusions. Fluctuations of EC results from variation of total dissolved solids. Electrical 
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conductivity propagation has the advantage to be mainly dependent on Darcian velocity through 

the porous media concurrently showing less smooth trend (Cirpka et al., 2007) which is not the 

case for the temperature. In aquatic ecosystems, EC variability may be caused by biological 

carbon turnover on seasonal scale, and such factors as photosynthesis and respiration on diurnal 

basis (Odum, 1956). More stable signal from EC varies on a diurnal basis due to variations in 

bicarbonate and hardness (affect inorganic carbon cycle equilibrium, provoking phase changes – 

either precipitation or dissolution of calcium and magnesium carbonates), on several days basis 

as a result of extended precipitation, and on seasonal basis reflecting winter base flow conditions 

dominated by the groundwater flow (in majority of the cases). 

Similarly to temperature monitoring, different infiltration regimes can be registered by analyzing 

diurnal and seasonal EC patterns. As it has been observed by Hatch et al. (2006) daily EC 

variations are predominantly distinct at low river water level and high temperatures. Diurnal 

photosyntetical processes responsible for pCO2 fluctuations keep EC highest in the early 

morning, and lowest in the afternoon. Seasonal variations usually introduce discrepancies 

between the river and groundwater data sets and can be mathematically removed. Assuming a 

constant EC in the subsurface waters SW-GW interactions may be evaluated through 

deconvolutions of the temporal EC signal on the SW-GW interface. This technique also assumes 

that EC is a conservative tracer, what is not the case in reality. Consequently, to allow the direct 

evaluation of water transit time, EC modifications due to weathering or precipitation processes 

should have significantly slower kinetics than water velocity.  

There is a variety of conductivity measuring cells available on the market. Many of them 

incorporate logger, some require an external logger connection. Due to the temperature 

dependency of measured EC, these devices are often combined with temperature sensors. The 

instruments obtained high measuring accuracy however they require periodical calibration due to 

foiling and drift.  

In the Luleå case study (LTU) EC is used in conjunction with temperature and water level 

measurements. Higher EC values are observed at the day start when CO2 concentrations are 

highest and during winter when the base flow is dominant (relevant for the pristine Kalix River). 

High river water stages in the hydropower regulated Lule River provoke decreased EC plume in 

the hyporheic zone.  

 

3.2.5. Geochemical indicators  

A wide variety of geochemical indicators have been previously used to distinguish between 

sources of water and assess mixing processes on interfaces. The most stable and useful indicators 
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are usually normalized values of elements that remove certain signatures common for both water 

sources and that may contribute to over- or underestimation of the processes of concern. 

Thus, dilution effects can be removed when observing hydrogeochemical processes in the GDEs. 

In the boreal systems Mg was used for this purpose due to its low biogeochemical activity and as 

similar concentrations in the headwater and in the river mouth were observed (Ingri, 1996; Ingri 

et al., 2005). 

Natural water data can be analyzed by using Ca/Sr data (Land et al., 2000, Land & Ohlander, 

1997). In their study, there was a significant difference between the ratio in soil water, 

groundwater and surface water, thus providing a good basis for tracing the water origin. The 

Ca/Sr ratio increased with age of the groundwater. Variations of the ratio in the piezometers 

close to the surface water may indicate upwelling of older groundwater or dilution by the surface 

water which may infiltrate into the subsurface during high discharges. 

Aging of organic matter mediated by microbes, metabolism results in proportionately higher 

removal of nitrogen than carbon from the organic compounds. Selective removal of nitrogen by 

bacteria results in a net increase of the C/N ratio. Allochthonous organic matter undergoes 

varying degree of decomposition and delivers water to stream and lakes with C/N ratio between 

45:1 and 50:1. Whereas, autochthonous decomposition produces ca 5 times lower ratios (Wetzel, 

2001). The same way as during the paleoreconstruction of a Scottish isolation basin (Mackie et 

al., 2005), sources of organic material and origin of water can be determined where interfaces of 

different C/N ratios exist. Due to long residence time of groundwater and the reason that organic 

carbon and nitrogen easily adsorb on surfaces, C/N ratio can only be used in shallow systems 

where exchange times between surface and groundwater are relatively short (Thurman, 1985). 

The C/N ratio was successfully applied in coastal areas (Ueda et al., 2003; Thornton & 

McManus, 1994), however can also be effectively used in places where high contrasts of the 

ratio exist. 

 

3.2.6. Organic chemical indicators 

Chemicals are everywhere, and are an essential component of our daily life. At the same time, 

some chemicals can severely damage our health. They can enter groundwater because of their 

use in household, industry, agriculture, forestry, mining  and dump (Commission of the 

European Communities, 2003). The history of chemicals started at the beginning of the last 

century and records more than 67 millions of commercially available chemicals and  therefore 

the definition of the ones relevant for GDEs is quite hard. Moreover this list does not records all 

the metabolites generated from the CAS-listed product degradation. At the present most of the 

research focuses on pharmaceuticals and personal care products (PPCPs). 
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Chemicals can be characterised by several toxicological and ecotoxicological endpoints related 

to different organisms: human and non-human. Among these reference values, the most 

important are the acute and chronic toxicity (LDx and LCx), the no effect concentration (NOEC) 

and for the human the allowed daily intake (ADI).  

Many of those substances do not exhibit acute toxicity but they can have a significant cumulative 

effect on the metabolism of non-target organisms and the ecosystem as whole (Fatta-Kassinos et 

al., 2011). For example the human pharmaceutical ß-blockers have effects on vertebrates and 

invertebrates showing strong additive effects with other compounds (Radjenović et al., 2009).  

Chemicals are taken up and accumulate by plants and can traslocate among their organs:   

Karnjanapiboonwong et al.  (2011)  found hyperaccumulation of ethynylestradiol and triclosan in 

bean plants (Phaseolus vulgaris). Once chemical enters into the trophic chain, it can be 

transferred to other species. Perfluorinated compounds  and fungicides were measured in 

earthworm (Lasier et al., 2011); pharmaceuticals and personal care products were measured in 

river fish fillet and liver (Liu et al., 2012; Ramirez et al., 2009), PCBs in polar bear (Haave et al., 

2003). The identification of the poisoned species is not always possible. Antibiotics can affect 

plant development but is not clear if its adverse effect is against the plant root systems or against 

the soil microorganisms in symbiosis with the plant (Fatta-Kassinos et al., 2011).  

Brock et al. (2006) related the pesticide effects on the environment to ecosystem structure, 

ecosystem function, to aesthetic as well as economic values to humans. However, those effects 

can be extended to organic chemical class in general. The changes in structure generally are 

expressed in terms of overall species richness and densities as well as population densities of key 

and indicator species. The changes in ecosystem functioning usually are expressed as changes in 

the rate of biogeochemical cycles  and the changes in perceived aesthetic and economic values 

are related to benefits and values of the ecosystem and its organisms to humans.  

Therefore, the identification of pollutants cannot be done solely on the basis of chemical 

analyses, because such analyses provide no information on bioavailability, toxicity effects on the 

cycles and on the ecosystem composition. In fact, it is also important to consider the synergistic 

or additive effects of substances with the same mechanism of action and the effect of the whole 

ecosystem. Effects-based measures such as laboratory or field toxicity tests and measures of the 

status of resident, exposed communities provide key information, but cannot be used 

independently to determine pollution status (Chapman, 2007). A first way for classifying them 

identified chemical compounds as contaminants, pollutants, indicators and environmental tracers. 

Contaminants are substances present in places where they should not be, or at concentrations 

above background value (Chapman, 2007). Pollutants are contaminants that result in, or can 

result in, adverse biological effects (Chapman, 2007). Indicators are measured or observed 

substance properties, or values derived from these, which provide information about and describe 

the state of a phenomenon/environment/area (OECD, 2003). Environmental tracers are 
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detectable material accidentally present or added in small quantities to flowing surface water or 

groundwater, depicting the pathways or serving in the measurement of flow characteristics.  

Because the information related to chemicals is usually quite scarce, differentiating contaminants 

from pollutants is almost impossible, therefore the definition of target species, pollutant and 

threshold value is given by policy regulation and the preservation of GDE in protected areas is 

given avoiding any contamination. Pesticide are always defined pollutants. 

 PPCPs can be used as markers for sewage intrusion (to trace sewage plumes or determine the 

source of groundwater; clorinated aliphatics for determining industrial point contamination 

(Balderacchi et al., in press). Among PPCPs  authors suggested carbamezapine, primodone, 

benzotriazoles,  and caffeine (Clara et al., 2004; Fent et al., 2006; Kahle et al., 2009; Katz and 

Griffin, 2008; Segura et al., 2011; Seiler et al., 1999). 

Among the wide class of sterols, the three isomers coprostanol, epicoprostanol and cholestanol 

(faecal sterols) could be used as indicators of sewage pollution because of their production in the 

digestive tracts of humans and higher vertebrates by microbial reduction of cholesterol (Puglisi 

et al., 2003). Sometimes, to improve the level of information, stanol ketones, cholesterol, 

stigmasterol and b-sitosterol (the last two being plant sterols) are also used as markers of 

domestic-sludge contamination. 

CFCs are indicator and tracers of contamination from landfills leakage, sewer lines, underground 

storage tanks, disposal of industrial wastes, rivers and lakes (Newman et al., 2010). 

Water pollution not only affects water quality but also threats human health, economic 

development, and social prosperity (Milovanovic 2007). River basins are highly vulnerable to 

pollution due to absorption and transportation of domestic, industrial, and agricultural waste 

water. Therefore, it is significant to control water pollution and monitor water quality (Simeonov 

et al. 2003; Simeonova et al. 2003). The threshold values for different chemicals and 

microbiological parameters of drinking water, which are based on World Health Organization 

Guidelines for Drinking-water Quality (WHO, 2011) and EU directive 98/83/EC of 3 November 

1998 on the quality of water intended for human consumption, are presented in table 2. 

Table 2. Thresholds values for different chemical compounds and microbiological parameters in 

drinking water. 

 
WHO Guidelines (2011) Directive 98/83/EC 

Suspended solids  No guideline  Not mentioned  

COD No guideline  Not mentioned  

BOD No guideline  Not mentioned  

Oxidisability  No guideline 5.0 mg/l O2  

Grease/oil No guideline  Not mentioned  

http://www.lenntech.com/water_reuse_oily_wastewater.htm
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Turbidity  No guideline
(1)

  Acceptable to consumers 

and no abnormal change 

pH (Hydrogen ion concentration) No guideline
(2)

  ≥6.5 and ≤ 9.5 

Conductivity (at 20°C) No guideline 2500 microS/cm  

Colour  No guideline
(3)

  Acceptable to consumers 

and no abnormal change 

Dissolved Oxygen  No guideline
(4)

  Not mentioned  

Hardness  No guideline
(5)

  Not mentioned  

TDS  No guideline  Not mentioned  

Cations (positive ions)    

Aluminium (Al)  No guideline 0.2 mg/l 

Ammonium (NH4)  No guideline  0.50 mg/l 

Antimony (Sb)  0.02 mg/l  0.005 mg/l 

Arsenic (As)  0.01 mg/l  0.01 mg/l 

Barium (Ba)  0.7 mg/l  Not mentioned 

Boron (B)  2.4 mg/l  1.00 mg/l 

Bromate (Br)  0.01 mg/l
(6)

 0.01 mg/l 

Cadmium (Cd)  0.003 mg/l  0.005 mg/l 

Chromium (Cr)  0.05 mg/l
(6)

 0.05 mg/l 

Copper (Cu)  2 mg/l 2.0 mg/l 

Iron (Fe)  No guideline
(7)

  0.2 mg/l 

Lead (Pb)  0.01 mg/l
(6)

 0.01 mg/l 

Manganese (Mn)  No guideline 0.05 mg/l 

Mercury (Hg)  0.006 mg/l  0.001 mg/l  

Nickel (Ni)  0.07 mg/l  0.02 mg/l 

Selenium (Se)  0.04 mg/l
(6)

 0.01 mg/l 

Sodium (Na)  No guideline 200 mg/l 

Uranium (U)  0.03 mg/l
(6)

 Not mentioned 

Zinc (Zn)  No guideline
(8)

 Not mentioned 

Anions (negative ions)    

Chloride (Cl)  No guideline 250 mg/l 

Cyanide (CN)  No guideline 0.05 mg/l 

Fluoride (F)  1.5 mg/l  1.5 mg/l 

Sulphate (SO4)  No guideline 250 mg/l 

Nitrate (NO3)  50 mg/l 50 mg/l 

Nitrite (NO2)  3 mg/l  0.50 mg/l 

Microbiological parameters    

Escherichia coli No guideline 0 in 100 ml
(9)

 

Enterococci  No guideline 0 in 100 ml
(9)

 

Pseudomonas aeruginosa No guideline 0 in 250 ml 

Clostridium perfringens No guideline 0 in 100 ml 

Coliform bacteria  No guideline 0 in 100 ml  

Colony count 22
o
C  Not mentioned  100/ml  

Colony count 37
o
C  Not mentioned  20/ml  

http://www.lenntech.com/turbidity.htm
http://www.lenntech.com/pH-and-alkalinity.htm
http://www.lenntech.com/tds-ec_engels.htm
http://www.lenntech.com/Periodic-chart-elements/O-en.htm
http://www.lenntech.com/softening.htm
http://www.lenntech.com/tds-ec_engels.htm
http://www.lenntech.com/Periodic-chart-elements/Al-en.htm
http://www.lenntech.com/Periodic-chart-elements/Sb-en.htm
http://www.lenntech.com/Periodic-chart-elements/As-en.htm
http://www.lenntech.com/Periodic-chart-elements/Ba-en.htm
http://www.lenntech.com/Periodic-chart-elements/B-en.htm
http://www.lenntech.com/Periodic-chart-elements/Br-en.htm
http://www.lenntech.com/Periodic-chart-elements/Cd-en.htm
http://www.lenntech.com/Periodic-chart-elements/Cr-en.htm
http://www.lenntech.com/Periodic-chart-elements/Cu-en.htm
http://www.lenntech.com/Periodic-chart-elements/Fe-en.htm
http://www.lenntech.com/Periodic-chart-elements/Pb-en.htm
http://www.lenntech.com/Periodic-chart-elements/Mn-en.htm
http://www.lenntech.com/Periodic-chart-elements/Hg-en.htm
http://www.lenntech.com/Periodic-chart-elements/Ni-en.htm
http://www.lenntech.com/Periodic-chart-elements/Se-en.htm
http://www.lenntech.com/Periodic-chart-elements/Na-en.htm
http://www.lenntech.com/Periodic-chart-elements/U-en.htm
http://www.lenntech.com/Periodic-chart-elements/Zn-en.htm
http://www.lenntech.com/Periodic-chart-elements/Cl-en.htm
http://www.lenntech.com/Periodic-chart-elements/F-en.htm
http://www.lenntech.com/sulfates.htm
http://www.lenntech.com/Periodic-chart-elements/N-en.htm
http://www.lenntech.com/Periodic-chart-elements/N-en.htm
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Other parameters    

Acrylamide 0.0005 mg/l 0.0001 mg/l 

Benzene (C6H6)  0.01 mg/l  0.001 mg/l 

Benzo(a)pyrene 0.0007 mg/l 0.00001 mg/l 

Chlorate 0.7 mg/l  Not mentioned 

Chlorite 0.7 mg/l Not mentioned 

1,2-dichloroethane  No guideline  0.003 mg/l 

Epichlorohydrin 0.0004 mg/l
(6)

 0.0001 mg/l 

PAHs (Sum of concentrations) No guideline  0.0001 mg/l 

Pesticides: 

Aldicarb 

Aldrin and dieldrin (combined) 

 

0.01 mg/l 

0.00003 mg/l 

0.0001 mg/l 

Pesticides - Total  Not mentioned  0.0005 mg/l 

Tetrachloroethene  0.04 mg/l  0.01 mg/l
(10)

 

Toluene 0.7 mg/l Not mentioned 

Trichloroethene  0.02 mg/l
(6)

  0.01 mg/l
(10)

 

Trihalomethanes: 

Chloroform  

Bromoform 

Dibromochloromethane (DBCM) 

Bromodichloromethane (BDCM) 

 

0.3 mg/l 

0.1 mg/l 

0.1 mg/l 

0.06 mg/l 

0.1 mg/l 

Tritium (H3)  10000 Bq/l 100 Bq/l 

Vinyl chloride  0.0003 mg/l 0.0005 mg/l 
(1) Desirable: Less than 5 NTU 
(2) Desirable: 6.5-8.5 
(3) Desirable: 15 mg/l Pt-Co 
(4) Desirable: less than 75% of the saturation concentration  
(5) Desirable: 150-500 mg/l 
(6) Provisional value  
(7) Desirable: below 0.3 mg/l 
(8) Desirable: below 3 mg/l 
(9) 0 in 250 ml for water offered for sale in bottles or containers 
(10) Sum of Tetrachloroethene and Trichloroethene 

 

 

3.3. Biological indicators 

 

The evaluation of shifts in the species presence on an ecosystem is a valid strategy for 

environmental monitoring (Van Hoey et al.,2010), because the life cycle of organisms integrates 

alterations on the environmental characteristics in a relatively wide period of time. This approach 

overcomes the limitations of an evaluation of the environmental condition singly based on 

physico-chemical parameters, which does not consider the consequences of environmental 

alterations on the ecosystem (Cairns et al., 1993, Van Hoey et al., 2010, Silva et al., 2012). 

Biological indicators allow evaluating factors not directly measurable, such as biological 

complexity and ecological value and, no expensive laboratorial chemical analysis are required 

such as for chemical indicators (Ambrogi and Forni, 2004, Silva et al., 2012). 
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Management plans which include biological indicators are advantageous because they 

incorporate the conjugated action of environmental conditions and make the impact easily 

detectable. 

In the process of recommendation of  criteria and indicators for  groundwater sustainability in 

State of Michigan,  Steinman (2007) considered “Groundwater-Dependent Natural 

Communities”  as a critical indicator and mentioned that carefully-considered selection of 

scientifically-sound measurements is essential. Biological metrics, such as the abundance and 

diversity of groundwater dependent fish, plants, and invertebrates were suggested. The number 

and quality of fen communities were identified as a potential measurement. 

 

Biological indicators (sometimes called ecological indicators) serve as early warning signals of 

changes in the environment (Dale & Beyeler, 2001). Such indicators can be based on single 

organisms or attributes of communities and provide information on the current state of the 

ecosystem, its deviation from normal undisturbed conditions and they should also be able to 

point out the specific pressure that causes the change in the ecosystem. An ideal ecological 

indicator for freshwater ecosystems should be sensitive in various water quality conditions.  

Macroinvertebrates, dependent partly (i.e. insect larvae) or entirely (i.e. crustaceans) on 

freshwater for their habitat, can give a good indication of water quality because of their wide 

abundance, diversity and proven sensitivity to a range of contaminants (Junqueira et al., 2010). 

These animals have relatively long life cycles, and therefore can provide information on the 

predominant conditions in the ecosystem. Furthermore they express limited mobility, so their 

presence is an indication of the conditions of the site of capture. For monitoring water quality in 

flowing waters it is most common to use benthic animals as indicators of water quality, because 

of their close contact with their habitat which is directly affected by sediment quality. 

Macroinvertebrates demonstrate changes in community structures and functions as a response to 

short-term stress . Such stress can be related to oxygen depletion, direct toxicity of contaminants, 

loss of microhabitat, siltation of habitat, changes in food availability or competition with other 

species.  

Many of the GDEs are surface waters therefore in the assessment of their ecological status is 

possible to apply the various existing biological indicators. Biological quality parameters have 

been used in ecological quality assessment of surface waters since the beginning of the 20
th

 

century and many of them have been based on macroinvertebrates. Biotic indices are community 

level indicators that reflect the quality of an ecosystem and they are often used for streams, rivers 

and estuaries. They are based on the number of taxa and their weight within the ecosystem. 

Biotic indices with macroinvertebrates give a quantitative assessment of the ecosystem’s 

ecological status which is derived from the known sensitivity of different species to 

contaminants. Because of this acknowledged sensitivity, it is possible to link gradual 

disappearance of specific taxa with the increasing contamination in the freshwater ecosystems. 

Indices have been developed for particular geographical regions and their use in other areas can 
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be successful however needs prior adjustments. In this way the Belgian Biotic Index (BBI) or the 

UK -Biological Monitoring Working Party (BMWP) could be applied to other countries with 

Canada, Spain, Argentina and Thailand among them.  Saprobic Index for Brazilian Rivers in 

Minas Gerais and Rio de Janeiro states (ISMR) is an example of an index developed recently for 

a specific geographical region (Junqueira et al., 2010).  

 

The evaluation of shifts in the species presence in an ecosystem is a valid strategy for 

environmental monitoring (Van Hoey et al.,2010), because the life cycle of organisms integrates 

alterations on the environmental characteristics in a relatively wide period of time. This approach 

overcomes the limitations of an evaluation of the environmental condition singly based on 

physico-chemical parameters, which does not consider the consequences of environmental 

alterations on the ecosystem (Cairns et al., 1993, Van Hoey et al., 2010, Silva et al., 2012). 

Biological indicators allow evaluating factors that are not directly measurable, such as biological 

complexity and ecological value and are relatively cheap comparing to the chemical indicators 

(Ambrogi and Forni, 2004, Silva et al., 2012).   

A wide range of toxicological data is available on aquatic macroinvertebrate sensitivity to 

specific chemicals (PAN database, the other database), but these single-species laboratory tests 

are difficult to extrapolate to real life situations (Mann et al. 2010). Such tests do not reflect all 

the possible responses to a xenobiotic of individuals, populations and communities in their 

specific habitats.  In freshwater ecosystems the macroinvertebrate communities have complex 

characteristics and relations with their habitat, which can influence their response to 

contamination. The exposure conditions similar to the ones in the environment are difficult to re-

create in the laboratory. Analogically, in situ bioassay test results are not easy to repeat in 

laboratory conditions (Schulz, 2003).  

In situ bioassays with the use of macroinvertebrates are potentially powerful tools that can be 

used for the assessment of freshwater ecosystem contamination.  The bioassays could be useful 

for assessing sublethal responses of macroinvertebrates to contamination which are not always 

represented in community abundance and structure and therefore not detectable by biotic indices. 

Behavioural bioassays represent such a group. Behavior is a much more sensitive toxicological 

endpoint than growth or survival. The method can help assess effects of low concentrations of 

contaminants, effects of contaminant mixtures and measure the effects of temporary 

contamination directly in the ecosystem. Maltby et al. (2000) found a strong correlation between 

the in situ feeding rate measured by a bioassay and macroinvertebrate diversity and a biotic 

indices.   

Sensitivity of single organisms depends on their internal distribution of chemicals, their 

metabolism, detoxication pathways and excretion, but the effects of contaminants in ecosystems 

do not only depend on the inherent sensitivity of individual organisms, but also on the effects of 

the contaminant on populations and their abilities to recover from the exposure. Responses of 

macroinvertebrate communities to contamination can depend on their previous history of 
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exposure. Contamination in aquatic ecosystems can sometimes be a short-term periodical event. 

This can happen in stream ecosystems where the water renewal rate is fast. In such 

circumstances the macroinvertebrate communities can be subject to repeated pulses of 

contamination. This could be relevant to pesticides that are often applied several times during 

one season. After a single contaminant pulse the animals may experience a minor reduction in 

health that will not be detectable. But if the time period between pulses is shorter than the time 

the animals need to recover, the same contamination level is likely to trigger a higher response 

from the macroinvertebrate communities (Mohr at al. 2012).   

The vulnerability of invertebrate communities to contamination is therefore a result of complex 

interactions that occur within the ecosystem between all its components. Also, vulnerability of a 

biological system to contamination is a measure of its direct sensivity, its recovery capability but 

also its susceptibility to exposure. 

 

Applying single-metric or multimetric biomonitoring indices it is possible to acquire an 

assessment of the ecological status for the many GDEs that are also surface water ecosystems. 

But such evaluation will not necessarily take into account the dependency of these ecosystems on 

groundwater. In order to be specifically applied as indicators for GDEs the metrics should 

incorporate a link to groundwater dependency of the respected ecosystems. An optimal indicator 

for the ecological status of GDE would enable distinguishing the effects of stress caused 

specifically by changes in GW quality and/or quantity within the GDE of interest. 

For the present date there have been some attempts to establish indicators for groundwater 

ecosystems (i.e. in 2011,  Korbelet & Kose proposed a tiered framework), but despite the 

accumulated data from many surveys, there are still very few locations with well recognized 

taxonomy of groundwater fauna. However molecular techniques, particularly DNA barcoding, 

that are in increasing use and the combination of morphological and molecular methods could 

make such identifications more accurate and cost-effective (Larned et al., 2012).  

 

 

Microbial communities / microbes constitute the major group of organisms in groundwater and 

dependent ecosystems, both in terms of biomass and activity (Danielopol and Griebler, 2008). 

Ecological research on groundwater received social and political recognition marked by various 

efforts to incorporate ecological know-how into schemes for environmental planning and 

policies (Pronk et al., 2009).  

The need for a quantitative estimation of species richness and, in fact, for a precise assessment of 

biodiversity itself,  has been successfully covered  through development of new methods and 

techniques (the development of DNA fingerprinting methods and the introduction of deep-

sequencing techniques able to read million of DNA sequences). 
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Usage of the 16S rRNA gene as a bacterial evolution marker was a breakthrough for microbial 

ecology studies in the late 1980s (Woese, 1987). This resulted in detaching microbial ecology 

studies from restricting cultivation based approaches and made the assessment of bacterial roles 

in natural environments possible. Polymerase chain reaction (PCR) product screening of the 16S 

rRNA gene marker while using environmental DNA and RNA extracts or enriched samples of 

microbial communities has become a common practice in microbial ecology (Muyzer et al. 1993; 

Liu et al. 1997). Until a few years ago, it has not been possible to analyze altogether so many 

sequences, and analyses were limited to a number of predominant sequences.  

A recent breakthrough has been provided by biomedical advances of the so-called “post-genomic 

era” (Tettelin et al. 2008). Now a single genome can be sequenced in a few hours with a few 

thousand euros using new deep-sequencing instruments able to produce millions of sequences. 

The possibilities offered by such a technological advancements can lead to the development of 

indicators of microbial diversity that are condensing the information of several million of 

sequences into single index, such as diversity index and species richness index. DNA can be 

extracted from environmental samples and amplified for certain regions of the ribosomal 

biomarker. Rather than being analyzed with classical methods such has DGGE (which can screen 

a few dozens of operational taxonomical units), these amplicons can be sequenced with new 

high-throughput sequencing instruments (454, Illumina or the more recent Ion Torrent), thus 

producing million of sequences. Several bioinformatics tools for screening and analyzing such a 

huge number of sequences have already been developed and are being applied and implemented. 

In Spring 2010, samples from a maize field, a meadow field and a riparian ecosystem have been 

collected from the fontanili area, “Fonti de la Gaverina”, in the province of Cremona. In the 

fontanili area it is possible to find, a few meters one from the other, fields cultivated with maize 

in monoculture (example of intensive agriculture management), multiannual meadows (example 

of semi-natural environments) and riparian areas (natural areas subjected to recurrent flooding 

due to changes in the height of the fontanili water table). After sampling DNA has been 

extracted, and analyzed for microbial diversity by deep sequencing analyses of the ribosomal 

biomarker. Around 12 million of sequences were obtained and analyzed in order to identify the 

microbial species present, and assess if the diversity changed from one site to the other. It has 

been found that average number of species (expressed as index of diversity) was not lower in the 

maize field compared with meadow. When more samples from the same location have been  

compared, the maize field and riparian area (i.e., sites that were subjected to anthropic-maize- or 

natural-riparian-pressures) had higher homogeneity than the meadow (i.e., seminatural) area. 

This means that the intensive agricultural practices is not reducing the total number of species as 

compared to the semi-natural meadow; but if we move from one point to the other in the maize 

field we tend the find the same species, while in the meadow the identity of species changes in 

different location of the same field. These outcome have important consequences for the 

assessment of the sustainability of agricultural practices: on one hand they are encouraging since 
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they show that, when intensive agriculture is carried out with good practices as in the maize field 

we studied, species richness is not changed, and may be seen enhanced in some case. On the 

other hand, the homogenization effect (which could be due to mechanical actions such as 

plowing) should be considered carefully in order to assess if this can represent a disadvantage 

under certain conditions. It could be indeed that in the meadow different species are performing 

the same function (and that is defined in ecology a redundancy of functions): as it has been 

demonstrated in other studies, if a stress occurs (e.g., a pollution event), this redundancy of 

functions can assure a better recovery of endangered ecological functions (Wittebolle et al. 2009; 

Puglisi et al. 2012).  

 

3.3.1. Estuaries and coastal lagoons 

 

Estuaries often interface with coastal aquifers and receive groundwater discharge, implying that 

communities therein are subject to changes in the salinity due to both the marine and freshwater 

influences. The interface or border habitats such as estuaries and wetlands are considered to be 

highly vulnerable to alterations in variables such as salinity, sediment and nutrient availability 

(Bates et al., 2008). Coastal aquifers are highly vulnerable to the threat of saline intrusion due to 

sea level rise. 

Within an aquatic ecosystem, the benthic fauna is often used as indicator of environmental 

changes and considered to be: i) key precursor of the implementation of the Water Framework 

Directive to the very recent implementation of the Marine Strategy Framework Directive (Van 

Hoey et al., 2010) and, ii) the most adequate descriptor of estuarine habitats because organisms 

are mostly sedentary and thus, reliable local indicators over time of environmental conditions 

Benthic communities provide an indirect method to evaluate changes in salinity at the interface 

between aquatic habitats encompassing groundwater systems.  

Some studies allow the prediction that an increase in the abundance of some polychaete species 

and decreasing oligochaeta, are potentially early warnings of a reduction in groundwater input 

into this habitat interaction. Oligochaetes and isopods were more abundant at the freshwater 

discharge location and at the end of wet time.  The abundance of the Oligochaetes, Spionidae and 

Capitella capitata potentially diminish greatly under severe reduction of groundwater discharge 

into estuarine ecosystems. This is potentially more visible at the end of the dry season when 

groundwater availability is likely more limited. Conversely, the polychaete Alkmaria romijni, is 

known to: i) tolerate a wide range of salinities,  ii) be associated with sheltered estuarine 

conditions and, iii) was common species in all samples and it was considered not to be a good 

indicator of groundwater influence (Chaouti and Bayed, 2006, Gilliland and Sanderson, 2000, 

Silva et al., 2012). 



  
 

 51 

It is important that future monitoring programmes include an assessment of the spatial and 

temporal variability of the species identified as potential responders to groundwater availability. 

 

3.3.2. Springs     
 

Springs have suffered from human disturbance for a long time and their biota is becoming 

threatened (Heino et al. 2005; Cantonati et al. 2006; Barquín and Scarsbrook, 2008). While 

springs, like other groundwater dependent ecosystems (GDE), are protected by the EU Water 

Framework Directive (2000/60/EC), in practice they continue to be threatened by anthropogenic 

pressures (Boulton 2005). In Finland, for example, springs are considered a threatened habitat 

type, and only 10% of springs are located within Natura 2000 sites (Ilmonen et al. 2008). 

Therefore, effective tools are needed for prioritising spring conservation efforts. 

In Finland, springs and their biota have been disturbed mainly by forest and peatland drainage. 

Comparing bryopyte and benthic macroinvertebrate communities in 55 reference and 20 

modified springs in southern Finland, little consistent differences in community composition 

were found (Ilmonen et al., in press). However, red-listed spring specialist species were more 

common in the reference than modified springs. In another study, red-listed insect and bryophyte 

species tended to co-occur with the red-listed spring-dependent caddisfly species Crunoecia 

irrorata (Ilmonen 2008). In a study monitoring the responses of spring macroinvertebrates to 

catchment-scale mire restoration, a decrease in the proportion of spring-dependent invertebrates 

was observed immediately after restoration, with a tendency to recovery nine years post-

restoration (Ilmonen et al., in review) 

Although many spring specialist species are already threatened, some specialists are very 

common and tolerant to disturbance (Ilmonen et al., 2009; Ilmonen et al., in press). Hence, 

indicator taxa for spring conservation should be chosen among the rarer, often redlisted species. 

Defining surrogate species for the wholesale spring biodiversity may not be a useful approach, 

however, because species’ geographical ranges are often limited (Ilmonen 2008) and different 

taxonomic groups respond differently to environmental gradients and thus cannot be used as 

surrogates for each other (Virtanen et al. 2009). For example, while C. irrorata seems a good 

surrogate for the occurrence of other red-listed spring taxa, its geographical range in Finland is 

restricted to the southern part of the country (Ilmonen 2008) and its utility as a nation-wide 

spring biodiversity indicator is therefore limited. Thus, any biodiversity indicators for spring 

conservation need to be identified regionally 

The degree of spring-dependency of benthic macroinvertebrates has been specified in a number 

of studies in Fennoscandia (Hoffsten and Malmqvist 2000; Paasivirta 2007, Ilmonen et al. 2009), 

Denmark (Lindegaard et al. 1998), Germany (Robert 1998) and Italy (Cianficconi et al., 1998, Di 

Sabatino et al. 2003). These and many other studies provide a baseline for identifying regional 

spring biodiversity indicators. Caddisflies (Trichoptera) are the most thoroughly assessed 
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invertebrate group with reference to dependence on springs, being thus a potentially useful 

indicator group across Europe.  

 

3.3.3. Running waters (rivers, streams) 

A large number of tools have been developed to assess ecological state of surface running 

waters. These tools refer to biological (i.e., macroinvertebrates, fish, diatoms, and macrophytes), 

physicochemical, and hydromorphological quality assessment approaches. From all biological 

quality elements, benthic macroinvertebrates are the most commonly used group for the 

assessment of anthropogenic impacts on ecological state of surface waters, and based on them, 

many stream biological quality assessment methods have been developed worldwide.  

Significant differences in the applied methods for assessing stream and river benthic 

communities between individual European countries, made comparison of data across Europe 

very difficult. The Water Framework Directive pointed out the need for an intercalibration of the 

existing biomonitoring tools. This resulted in creating a multimetric index called AQEM (Hering 

t al., 2004). The index was based on a survey of benthic macroinvertebrate ecosystems and 

stream characteristics from countries that represented different ecoregions in Europe. The 

AQEM index enables to distinguish types of contamination into acid stress, degradation in 

morphology and organic pollution, therefore this indicator gives not only an assessment result 

but also a clue to the cause of the ecosystem disturbance (Hering, 2004). The developed later 

AQEM/STAR database was the first comprehensive taxalist integrating taxonomic knowledge 

and species distribution ranges with autecological information (Schmidt-Kloiber et al., 2006). 

For chemical-physicochemical quality assessment, various methods have been developed, such 

as classification systems, pollution indices/metrics and emission based models (i.e., empirical 

developed equations on nutrient emissions from various land uses). Finally, for 

hydromorphological quality assessment, several indices are being used; the most common being 

the River Habitat Survey and Riparian Quality Index. 

In other context, an increase in abundance of benthic oligochaetes may indicate sewage pollution 

of a surface water body. Such biological indicators can highlight the water quality impact 

resulting from pollutant load from a variety of sources, including tributary discharge, upgradient 

point sources, atmospheric deposition, or groundwater discharge (EPA, 1998). 

Other indicator is GW-Fauna-Index which was calculated using the formula: 

               √  (   ⁄ )  √                                           

where SD Temp. is standard deviation of temperature 
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GW-Fauna-Index seems to be a reflection of the strength of the hydrological exchange and best 

correlates with total abundance and numbers of taxa (Hahn, 2006). 

 

3.3.4. Terrestrial ecosystems (including floodplains)  

 

The role of groundwater in terrestrial ecosystems is manifold, both on the short term and on the 

long term, and both for its quantitative and qualitative aspects. On the short term, groundwater 

determines not only the availability of water, the main constituent of living tissue, but also the 

availability of oxygen in the rooting zone. High groundwater levels prohibit aeration and allow 

only species adapted to such circumstances to grow, i.e., hydrophytes. Therefore, the 

groundwater level is the first ecologically important aspect of groundwater. The precise 

influence of the groundwater level on soil moisture and aeration can only be established in 

connection with the role of soil texture and organic-matter content in the soil, because these 

determine the infiltration capacity, the rate of capillary rise, and the water-retention capacity 

(Klijn and Witte, 1999). 

In Netherlands, one of the largest lowland peat areas of Europe, the constant supply of nutrients 

and other elements influences the plant-species composition, which in the long term affects the 

soil type. This development primarily relates to the type of organic matter, which is partly 

determined by the plant litter; sedges and reeds produce poorly degradable tissues that differ 

from those originating from Alder forest, whereas Sphagnum produces a very special kind of 

acid organic matter. Thus, the relationship between groundwater level, seepage, vegetation, and 

soil formation is a very intricate one. The ecological importance of upward seepage relates to: 

temperature, salinity, CaCO3, pH (acidity), iron hydroxides, oxygen content, other cations. 

These parameters explain the attempts to define discharge areas not only by the flux but also by 

the type of groundwater that reaches the rooting zone on the basis of its chemical composition. 

(Klijn and Witte, 1999). 

Ecohydrological indicators are plants whose presence or morphology can provide data about the 

hydrogeological setting what is known about groundwater indicator plants, their potential for 

providing information about the aquifer, and how this data can be a cost-effective addition to 

hydrogeological conceptual models. Ecohydrological groundwater indicators can provide 

information about the absolute depth to the water table, patterns of groundwater fluctuation, and 

the mineralization of the aquifer. The physical and physiological indications of the plants exist, 

but little effort has been made to interpret them (Lewis, 2011). 

Surface vegetation can be an effective indicator for a variety of subsurface parameters and 

certain plants have been used for millennia to indicate the presence of near-surface freshwater. 



  
 

 54 

Presence or morphology of certain plant species can provide information about groundwater, 

respectively its accessibility.    

Applying ecohydrological groundwater indicators in temperate and continental climates is more 

complex than it is in arid and semiarid regions because the abrupt changes in vegetation 

morphologies and distribution are absent. In temperate European regions, Ellenberg indicator 

values have also proven useful for determining the depth to groundwater as it is shown in table 3. 

These indicators have been used for various ecological purposes for nearly 20 years. 

Table 3. Soil humidity values (F values) taken from Ellenberg (after Lewis, 2011). 

F Description 

1 Indicator of extreme dryness, restricted to soils which often dry out for some time  

2 Between 1 and 3 

3 Dry-site indicator, more often found on dry ground than on moist places, never on damp soil 

4 Between 3 and 5 

5 Moist-site indicator, mainly on fresh soils of average dampness, absent from both wet and 

dry ground 

6 Between 5 and 7 

7 Dampness indicator, mainly on constantly moist or damp, but not on wet soils 

8 Between 7 and 9 

9 Wet-site indicator, often on water-saturated, badly aerated soils 

10 Indicator of sites occasionally flooded, but free from flooding for long periods 

11 Plant rooting under water, but at least for a time exposed above, or plant floating on the 

surface 

12 Submerged plant, permanently or almost constantly under water 

 

Ellenberg assigned indicator values to 2726 central European vascular plant species with respect 

to soil humidity, soil nitrogen status, soil reaction (acidity/lime content), soil chloride 

concentration, light regime, temperature and continentality. These values reflect the ecological 

behavior of a species rather than their physiological preferences (Ellenberg 1992). 

These values were assigned on the basis of field experience and they summarize complex 

environmental factors: the humidity value for example combines such factors as soil moisture 

content, precipitation, humidity, and groundwater level. Despite this, the soil humidity value has 
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been shown to be a reliable indicator of depth to groundwater down to a depth of 1.5 m 

(Schaffers and Sykora 2000). 

Although the most reliable ecohydrological information comes from the arid and semiarid 

regions, this does not mean that the use of these indicators is impossible or even impractical in 

more temperate regions. It means that less information about plants as groundwater indicators in 

temperate regions is currently available. However, it is probably true that the complexity of 

interpreting groundwater indicators will increase as the humidity of an environment increases, 

regardless of the amount of information available. The Russian researchers studied plant 

indicators for the pragmatic purpose of solving engineering problems cost-effectively. Plant 

indicators can provide us cheap and quick information in remote areas where installing 

hydrogeological instrumentation is prohibitively expensive (Lewis, 2011). 

Ecohydrological groundwater indicators have the potential to cost-effectively contribute to 

hydrogeological conceptual models. They can provide information about the absolute depth to 

groundwater, recent water table fluctuations and the mineralization of the aquifer and they can be 

used in areas where the installation conventional monitoring wells is difficult or expensive. 

The use of indicator values of higher plants (Ellenberg et al., 1992) is, like the saprobic index, a 

long established, successful, and widely implemented indication system. The indicator values 

relate to site conditions, for which plants are particularly suitable because of their lack of 

mobility. The indicator value systems of Ellenberg have an empirical basis. Initially, they were 

not developed for the specific dynamic conditions of floodplains. However, statistical procedures 

in the RIVA project showed that the indicator value system of Ellenberg et al., (1992) and the 

moisture types are also suitable for describing soil moisture under the special conditions of 

floodplains (Schaffers and Sykora, 2000) . Both indicator systems can be used for the terrestrial 

area of floodplains to indicate soil moisture, soil reaction, and light conditions. Their advantage 

(and at the same time their disadvantage) lies in the fact that they indicate site conditions in an 

integrated form, but are not suitable for indicating specific hydrological parameters such as the 

average level of the groundwater table (semi-quantitatively). Many plants, i.e. the so-called 

phreatophytes, and meadow trees send their roots into groundwater  and play an important role in 

the elimination of nutrients, like nitrates and/or other chemical compounds (Dziock et al., 2006). 

While ecohydrological indicator plants probably exist wherever the groundwater is within reach 

of their roots, interpreting them in more humid regions is complicated by subdued signals and 

little supporting research in the literature.  Although they have the potential to provide low-cost 

information on aquifer conditions, ecohydrological groundwater indicators have not been 

embraced by groundwater professionals as much as one would assume, despite having 

sporadically appeared in the literature for at least 80 years. It may be a matter of lack of 

collaboration between hydrogeologists and experts from ecology or botany fields. The 

interdisciplinary approach can offer some hope for overcoming this inertia. The practical 
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application of these indicators to hydrogeology was demonstrated by Russian researchers over 50 

years ago and there are good economic reasons why ecohydrological indicators should be 

considered by hydrogeologists all around (Lewis, 2011). 

 

 

4. Designing of indicator matrix for GDEs vulnerability assessment  

 

Indicators represent a tool toward ecological assessment. Indices (e.g. multimetric indices, 

composite indices) are highly integrative, allowing one to address broad-scale questions using a 

few carefully selected parameters (Innis et al., 2000, tenBrink, 2006). However, the use of 

indicators and indices requires a comprehensive understanding of the structural components of a 

GDE and the interactions, response to various stresses and spatial and temporal variability of 

these components. Rigorous testing and validation are necessary to establish such understanding 

and this requires time and resources to develop (Adamus & Brandt, 1990; Leibowitz et al., 

1991). The term “indicator” is frequently used at the interface between science and policy (Heink 

and Kowarik, 2010). The combination of vulnerability and pollution risk mapping with 

biological quality indices and chemical pollution metrics is an integrated approach to evaluate 

the quality status of the water resources in an area. The selection of indicators in designing of set 

configuration is critical. Strategic selections which cover appropriate spatial and temporal ranges 

and which reflect multiple environmental factors (physical, chemical and biotic considerations) 

provide robust results. The use of carefully selected indicators maximizes the amount and quality 

of information about the ecological integrity of a system while minimizing the time and expense 

involved. The DPSIR (Drivers, Pressures, State, Impact, Responses) operational model represent 

the most appropriate framework for designing the indicators package for GDEs ecological state 

and vulnerability assessment as it is shown in figure 7. 
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Figure 7. DPSIR operational model for GDEs indicators development. 

 

The aim of this report is to give the coordinates for designing of appropriate configuration of  

indicators set for assessment of GDEs vulnerability. Within GENESIS framework we are 
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useful for assessing GDEs ecological state and their vulnerability. 
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In fact, the development of indicators is a long-term process which need  to invest a lot of 

financial and human resources. We approached this task in a cost effective way, aiming to select 

from large amount of existing indicators those relevant for GDEs. Based on expert judgment  

new indicators  have been proposed in order to enclose all relevant aspects of GDEs vulnerability 

assessment. 

Key components of designed indicators package are related to groundwater  state, its quality, 

vulnerability and pressures, dependent ecosystems state and adjacent pressures within the 

catchment and their groundwater dependency as it is shown in figure 8. 

 

 

Figure 8.  Key components of designed indicators package. 

 

The dependence of indicator development on data can lead to the situation in which data 

availability drives the selection of indicators, which, in turn, reinforces the collection of the same 

data. Our approach is not to link the selected indicators with data availability but  to develop  the 

most comprehensive configuration for indicators package, relevant  from  conceptual  point of 

view, taking into account the complexity and still limited understanding of relationship GW – 

dependent ecosystems. Even if these rivers, lakes, wetlands, springs, riparian, alluvial and other 

terrestrial ecosystems existed always, its  threats, pressures, state have been investigated and 

managed by different disciplinary teams which have a narrow understanding of their structural 

and functional configuration.  

The high diversity of GDEs types and locally specific characteristics or threats have been 

discussed in details during the indicators development process. Because it is not possible to 

assess a such complex ecological systems with a generally recommended  indicators package it 

has been decided to develop an indicator matrix following the same principles and rules. Thus, 
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taking into consideration key components of GDEs assessment, respectively GW state 

(qualitative and quantitative state), dependent ecosystems state, their GW dependency and 

additional pressures due to lateral connectivity with other ecosystems within catchment (or 

conservation value), an indicator matrix which includes relevant indicators for different GDEs 

types has been created. Selection of indicators has been a creative process of a multidisciplinary 

team. Knowledge and experiences from different disciplines (geology, hydrology, hydrogeology, 

environmental engineering, biology, chemistry, ecology) have been  completed each other. 

Moreover, new indicators emerged and improved the information provided by those already 

existing. This indicator matrix could be used for selection and designing of indicator package for 

specific GDE (e.g. springs, streams, rivers, wetlands, alluvial, riparian or other terrestrial 

ecosystems). New proposed indicators are represented with italics in table 4. For calculation of 

the proposed indicators at least 10 years time series data sets are needed. 

Table  4. Proposed indicator matrix for GDEs vulnerability assessment.   

Key components of 

GDEs assessment 
Proposed indicators Comments to indicators value 

or trends  

GW attributes : 

-GW quantity 

-GW quality 

-GW level 

-GW pressure 

-GW vulnerability 

 

Total abstraction of groundwater/ GW recharge Provide information related to 

sustainable use of GW 

Fraction of GW abstracted from allowed 

exploitable GW resources  

Provide information on pressure 

intensity on GW 

GW as a % of total water usage 

(drinking+irrigation+industrial use) 

Provide information on local 

importance of GW (and pressure 

intensity on it) 

GW quality indicator Provide information related to 

GW quality as natural 

background and human impacted 

(exceeding of threshold values) 

Rate of change in GW level/ rate of recharge  Provide information relevant on 

GW quantity; rates are 

calculated  based on 10 years 

data sets; 

 

Rate of change in depth to GW table/ piezometric 

level 

GW vulnerability indicator Provide information related to 

natural vulnerability of GW 

GW dependency Electrical  conductivity of GW Provide information on GW 
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Electrical  conductivity of  surface water contribution to surface base flow 

(or identify sea water intrusion in 

coastal lagoon systems) 

Environmental tracers (stable isotopes technique) Provide information of GW 

dependency 

GDE state: 

-in this case are 

presented spring 

indicators relevant for 

their GW dependency  

Red-listed spring dependent species (e.g. Crunoecia 

irrorata –caddisfly in Nordic springs)  

 

All indicators provide different 

information related to sensitive 

species which depend on GW 

input  

Proportion of spring-dependent macroinvertebrates 

(e.g.Trichoptera, Chironomidae)   

GDE state :  

-Aquatic ecosystems 

considered by WFD 

which are also GDEs 

Indicators developed for specific aquatic 

ecosystems, based on their typology within WFD 

implementation process 

Indicators used for ecological 

state assessment of water bodies 

(ecological state classes: very 

good,  good, moderate and poor) 

GDE state:  

-in this case are 

presented indicators 

for terrestrial 

ecosystems; plants 

communities are 

directly related to GW 

Percent of tolerant plant species to salinity Provide information on 

distribution and composition of 

plant communities if the salt 

intrusion is the threat 

Fraction of area dominated  by salt tolerant species 

Percent of plant species with moisture preferences Provide information on 

distribution and composition of 

plant communities if the water 

abstraction is the threat 

Fraction of area dominated  by plant species with 

moisture preferences 

Percent of plant species with acid soil  preferences Provide information on 

distribution and composition of 

plant communities if the acidity is 

the threat 

Fraction of area dominated  by plant species with 

acid soil  preferences 

Percent of plant species with nitrogen preferences Provide information on 

distribution and composition of 

plant communities if the 

eutrophication (or nitrogen 

enrichment) is the threat 

Fraction of area dominated  by plant species with 

nitrogen  preferences 

Leaf Area Index (LAI) Provide information related to 

vigour (or health) of plant 

communities 

GDEs state within 

catchment 

Rate of change in wetland/ GDEs fraction of  

catchment  area in dry season 

It is based on remote sensing 

data /GIS and provide 

information on GDEs 
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distribution and weight within 

catchment 

Other catchment 

characteristics 

relevant for GDEs: 

-land cover/ land use 

as possible additional 

threat on GDE 

-conservation value of 

GDE 

Land cover/ land use distribution  It is based on Corine Land 

Cover information and 

additional information related 

to changes in land use. It could 

be an additional pressure GDEs 

at catchment level. 

Fraction of protected areas from total GDEs at 

catchment; 

GDEs under different protection status  

It represents the conservation 

value of GDEs 

 

Groundwater  state components 

Development of groundwater indicators is a scientific approximation process of presentation of 

groundwater resources statement  to various target groups in simplified and understandable 

forms. The lack of groundwater data at the local, national and international level is the key 

problem of indicators development. Data and information scarcity have resulted in unsatisfactory 

knowledge of important national and transboundary aquifers and in many countries can be a 

serious limitation in the formulation of groundwater indicators. In fact, database designing and 

updating and indicator development are two mutually linked and interdependent activities. 

The proposed indicators are based on measurable and observable data and they provide 

information about groundwater quantity and quality and are focused on social (groundwater use), 

economic (groundwater abstraction) and environmental (groundwater vulnerability and 

pollution) aspects of groundwater resources policy and management (Vrba and Lipponen, 2007). 

These GW indicators have been integrated into various water and environmental related 

indicators and water dependent human activities (e.g. industry, agriculture, mining) which are 

not included in our relevant package. 

GDEs ecological state components 

Biological indicators are individual species or communities present at a site that are used to 

assess ecosystem integrity, biodiversity, and ecological change. These are species or 

communities that are believed, by their presence, to represent the current state of ”ecological 

health” of a system. Common indicators are fish and macroinvertebrates, although plants, 

amphibians, reptiles, and birds are also used (Cole, 2006). 
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Human practices severely affect water availability through stream water derivation and 

groundwater withdrawal. In this sense, impacts upon aquifer water storage and its effects on base 

flow generation have a significant effect on dependent ecosystems biology. Consequently, 

biological indicators will point out poor conditions resulting from such human impacts (Mencio 

and Mas-Pla, 2010). 

Indicators for complex ecosystems such as floodplains, which are determined by parameters and 

processes that are difficult to measure directly (e.g. frequency and duration of inundation) are of 

special importance. In floodplains a bias towards aquatic compartments exists regarding the 

compartments for which attempts have been made to develop or apply indicator systems. Also, 

only a few attempts have been made to review indication systems that are relevant for floodplain 

systems and most of them are limited to the aquatic compartment and/or focus on the 

implementation of specific policies (Dziock et al., 2006).  

Bioindication refers to the use of animals and plants as instruments for assessing past, current, or 

future conditions or processes. Bioindicators are accordingly species or groups of species that 

provide information about the long-term quality of environmental changes and fluctuations. A 

precise definition of the indication goals and the environmental factors to be indicated is of 

elementary importance, but is not carried out in many instances. 

Endemic species or even specialist species (e.g. spring specialist species, proportion of spring-

dependent macroinvertebrates) are relevant indicators of specific conditions determined by GW 

contribution. Red listed species are of special importance for protection of their habitats and 

GDEs. 

Plants communities in terrestrial ecosystems 

It is important for natural resource managers to know what consequences the groundwater level 

and quality changes will have for vegetation composition and plant species distribution in a 

region with a shallow groundwater table, identifying suitable targets for nature conservation 

(Pedroli et al., 2002). 

For plant communities in terrestrial ecosystems the most important factors for their growth and 

development are rooting space, moisture, and nutrients. These factors, however, can be 

subdivided and/or related to other site factors of more indirect importance, such as pH (affecting 

both nutrient availability and moisture exchange between plant and soil), salinity (affecting 

moisture exchange), temperature, aeration. Following the causal relationships even further back, 

factors such as soil texture, soil structure, organic matter content, groundwater levels, or even 

geomorphological position and elevation are relevant (Klijn and Witte, 1999). Thus, distribution 

and morphology of ecohydrological groundwater indicator plants can be useful in certain 

circumstances (Lewis, 2011). 
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Ellenberg indicator value   

 

The Ellenberg scores are measures of the environments in which plant species are typically 

found. Changes in a mean Ellenberg score for a groups of plots can be assumed to reflect 

changes in the underlying environmental variable but, there may be other factors involved. The 

great value of this indicator over many of the others is that by focusing on individual 

environmental factors, it facilitates the interpretation of cause and effect of plant communities 

change. Furthermore, Ellenberg scores deal with factors that are important in managing 

vegetation for conservation (light, water, nutrient levels) and so are valuable indicators of 

progress towards or away from particular ecological targets (Firbank et al., 2000) . We assume 

that it is a proper framework for analyzing the response of plant communities from terrestrial 

GDEs to groundwater pressures. This response is expressed as changes in composition and in 

structural and functional configuration of affected ecosystems.  

The crucial relationship between vegetation and groundwater is obvious in arid regions. 

However, also in semi-arid regions, vegetation composition and plant species distribution have 

an intimate but intricate relationship with groundwater (Fan et al., 2011). Klijn and Witte (1999) 

note that groundwater level is the first ecologically important aspect of groundwater; the gravity-

driven groundwater flow influences the site conditions for plants through the spatial distribution 

of nutrients and other relevant chemical agents. A shallow and saline groundwater table may act 

as a resource of moisture during dry season for some salt marsh plants (Bornman et al., 2008, 

Fan et al., 2011). 

 

Each species has associated index values for fertility (nitrogen), soil moisture, light, soil pH, 

salinity, temperature and continentality. We selected relevant factors which suggest the effects of 

GW pressures on distribution and structural configuration of plant communities, respectively, 

moisture (see table 3) nitrogen (see table 5), acidity- soil pH (see table 7), salinity (see table 6). 

The values proposed by Ellenberg has been recalibrated for some countries (Hill et al., 1999), 

checked for their reliability (Schaffers and Sýkora, 2000, Krecek et al., 2010), adapted for 

particular regions (Godefroid and Dana, 2007, Lawesson et al., 2003, Wylupek, 2004) extended 

to other areas (Mark et al., 2000). It is thus possible to estimate mean Ellenberg scores for each 

index for a given plot. Changes in these mean Ellenberg scores give an indirect indication of 

changes in these conditions, which are themselves the direct or indirect results of environmental 

driving forces. Ellenberg scores thus have the potential to give very clear insights into the nature 

and causes of plant communities change (Firbank et al., 2000). However, we have to interpret 

carefully the indicator, because scores for species and assemblages for different factors (indicator 

values) are intercorrelated, and so changes in one environmental factor may be interpreted falsely 

as changes in another.   

 

Table 5. Soil fertility values (N values) taken from Ellenberg (Firbank et al., 1999). 
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N – 

Nitrogen 

Description  

(in effect a general indicator of soil fertility) 

1 Indicator of extremely infertile sites 

2 Between 1 and 3 

3 Indicator of more or less infertile sites 

4 Between 3 and 5 

5 Indicator of sites of intermediate fertility 

6 Between 5 and 7 

7 Plant often found in richly fertile places 

8 Between 7 and 9 

9 Indicator of extremely rich situations, such 

as cattle resting places or near polluted rivers 

 

Table 6 . Soil salinity values (S values) taken from Ellenberg (Firbank et al., 1999). 

S – Salt Description 

0 Absent from saline sites; if in coastal situations, only accidental and nonpersistent if 

subjected to saline spray or water 

1 Slightly salt-tolerant species, rare to occasional on saline soils but capable of persisting in the 

presence of salt . includes dune and dune-slack species where the ground water is fresh but 

where some inputs of salt spray are likely 

2 Species occurring in both saline and nonsaline situations, for which saline habitats are not 

strongly predominant 

3 Species most common in coastal sites but regularly present in freshwater or on nonsaline 

soils inland (includes strictly coastal species occurring in sites such as cliff crevices and sand 

dunes that are not obviously salt-affected) 

4 Species of salt meadows and upper saltmarsh, subject to at most only very occasional tidal 

inundation . includes species of brackish conditions (ie of consistent but low salinity) 

5 Species of the upper edge of saltmarsh, where not inundated by all tides . includes obligate 

halophytes of cliffs receiving regular salt spray 

6 Species of mid-level saltmarsh 
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7 Species of lower saltmarsh 

8 Species more or less permanently inundated in sea water 

9 Species of extremely saline conditions, in sites where sea water evaporates, precipitating salt 

 

Table 7. Soil acidity values (R values) taken from Ellenberg (Firbank et al., 1999). 

R – 

Reaction 

 

Description 

(soil pH, or water pH) 

1 Indicator of extreme acidity, never found on weakly acid or basic soils 

2 Between 1 and 3 

3 Acidity indicator, mainly on acid soils, but exceptionally also on nearly neutral ones 

4 Between 3 and 5 

5 Indicator of moderately acid soils, only occasionally found on very acid or on neutral to 

basic soils 

6 Between 5 and 7 

7 Indicator of weakly acid to weakly basic conditions; never found on very acid soils 

8 Between 7 and 9 

9 Indicator of basic reaction, always found on calcareous or other high-pH soils 

 

Leaf area index (LAI) is the total one-sided area of leaf tissue per unit ground surface area. It is 

a key parameter in ecophysiology, especially for scaling up the gas exchange from leaf to canopy 

level. It characterizes the canopy-atmosphere interface, where most of the energy fluxes 

exchange. It is also one of the most dificult to quantify properly, owing to large spatial and 

temporal variability (Breda, 2003). Leaf area index (LAI) or the biomass of vegetation in a given 

area, is generally regarded as a simpler yet effective means to identify GDEs (Roberts et al., 

2000). LAI works on the assumption that vegetation which has access to groundwater in dry 

regions would be expected to have greater leaf area than vegetation that was entirely rain 

dependent. Hatton and Evans (1998) also described the strong relationship between water 

availability and “greenness” and concluded that LAI is therefore a good indicator of GDEs in 

semi-arid to arid environments. 

Leaves are the basic unit of growth for most plants so are also a good starting point to assess 

plant vigour and condition. For example, it is a useful but simplistic assumption that a plant with 
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larger leaves, or greater photosynthetic area (more leaves, higher Leaf Area Index) will be in 

better health than a plant with smaller photosynthetic area or which has some leaf area that is not 

fully photosynthetic (yellowing, brown spots, dead leaves) or that is damaged or incomplete 

(insect damage, leaves being shed, burnt).  

Many of the methods for measuring vigour have been developed for agricultural or forestry 

species. Consequently, the techniques and equipment for estimating health and vigour are better 

developed for floodplain trees than for other growth-forms, especially aquatic species. For 

calculation of canopy condition index,  a visual assessment of canopy condition is compared 

with reference material, then scored. When using such indices, it is important to use printed 

reference material in the field throughout the investigation in order to standardize observations. It 

is also essential to identify examples of the full condition range, from dead or very poor to 

vigorous. Canopy indices are ordinal data, and this can affect how summary statistics such as 

mean are calculated and used, especially in multivariate analyses (Roberts et al., 2000).  Standard 

physiological techniques for measuring water stress, such as xylem pressure potential, are more 

useful as a research or monitoring tool when undertaking a time series in relation to soil water. 

For many emergent macrophytes, the perennial part of the plant (the rhizome, the tubers etc.) is 

underground and the canopy is the only part of the plant that is visible. In these cases, there is an 

overlap with abundance measures.  

 

 

Land cover / Land use characteristics 

Groundwater is intimately connected with the landscape and land use that it underlies, and most 

of the landscape and is vulnerable to the anthropogenic activities on the land surface above. Land 

use affects groundwater resources through changes in recharge and by changing demands for 

water. Inappropriate land use, particularly poor land management, causes chronic groundwater 

quality problems. Current land use instruments have only been designed to address quality issues 

in groundwater and do not consider recharge (Lerner and Harris, 2009). 

Table  8. CORINE land cover nomenclature (EC, 1994) 

Level 1 Level 2 

 

1. Artificial surfaces 1.1. Urban fabric 

1.2. Industrial, commercial and transport 

1.3. Mine, dump and construction sites 

1.4. Artificial, non-agricultural vegetated areas 

2. Agricultural areas 2.1.Arable land 

2.2. Permanent crops 

2.3. Pastures 
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2.4. Heterogeneous agricultural areas 

3. Forests and semi-

natural areas 

3.1. Forests 

3.2. Shrub and/or herbaceous vegetation associations 

3.3. Open spaces with little or no vegetation 

4. Wetlands 4.1. Inland wetlands 

4.2. Coastal wetlands 

5. Water bodies 5.1. Inland waters 

5.2. Marine waters 

 

Remote sensing techniques, including the use of conventional aerial photography, can be used 

effectively to complement surveys based on ground observation and enumeration, so the 

potential of a timely and accurate inventory of the GDEs and current use of their resources now 

exists. At the same time, data processing techniques permit the storage of large quantities of 

detailed data that can be organized in a different ways to meet specific needs in order to support 

GDEs vulnerability assessment. 

At European level, in the CORINE system, information on land cover and changing land cover is 

directly useful for determining and implementing environment policy and can be used with other 

data (on climate, soil, etc.) to make complex and integrated assessments (e.g. mapping erosion 

risks, GDEs vulnerability mapping). The fraction of different categories (level 1, level 2 

CORINE nomenclature as it is shown in table 8) within catchment is an important indicator of 

external pressures (at catchment scale) which could contribute to increase GDEs vulnerability. 

Main arguments for considering land cover / land use characteristics within the indicator package 

are following (Lerner and Harris, 2009):  

a) Groundwater underlies most of the landscape and is vulnerable to the anthropogenic 

activities on the land surface above. 

b) Groundwater is vital for ecosystem functioning and of major importance for water supply. 

c) Land use affects groundwater resources through changes in recharge and by changing 

demands for water supply. 

d) Inappropriate land use, particularly poor land management, causes chronic groundwater 

quality problems by widespread, long-lasting and damaging inputs of pollutants. 

e) Acute groundwater quality problems are common and arise from unsuitable land use and 

control, notably through point sources of hazardous chemicals. 

f) Current land use instruments have only been designed to address quality issues in 

groundwater and do not consider recharge. 

g) Land use instruments have been largely ineffective in protecting groundwater from diffuse 

pollution. They are an overlapping jumble, their requirements have not been onerous, they 

generally have no teeth, and they are not hard wired into the land use planning system. 

 

 

Conservation value/status 
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Protected areas under different EU frameworks and directives are of special interest at least for 

their conservation value.  Number of protected areas/ catchment surface (e.g. Natura 2000 sites) 

or weight of protected areas from total are important indicators which provide information 

related to their environmental value. 

 

More information related to indicators proposed within the matrix is provided in Annex 1. 

It include for each indicator short description, information related to data needed, 

calculation procedure, units, interpretation and appropriate scale for reporting results. For 

some indicators references are mentioned, while others are really new, based on 

interdisciplinary experts team  judgement and experience. It will be published soon in 

scientific journals.   

 

4.1. GDEs vulnerability assessment scheme 

 

As it was already mentioned GDEs vulnerability is defined as degree of sensitivity of habitats, 

communities and species to impacts on groundwater attributes (level, flux, quality). Degree of 

vulnerability depends both on ecosystem and groundwater system properties. Based on severity 

of impacts on dependent ecosystems structure and functioning if a certain threat is realized, it has 

been proposed  four vulnerability classes: extreme vulnerability- ecosystem is very sensitive 

due to GW properties (low quality or quantity) and high dependence (or entirely dependence) on 

it; high vulnerability- ecosystem is sensitive due to the same factors but the effects are less 

severe than in first category; moderate vulnerability-ecosystem has a moderate sensitivity due to 

better quality of GW (or quantity) and to facultative dependency on it; low vulnerability- 

ecosystem has not strong dependency on GW or it is in good state (GW quantity and quality 

state).  

For GW state (quantitative or qualitative state) it has been considered two classes as it is 

mentioned in WFD and GWD, respectively good and poor  state. Assessment of GW state will 

be made based on trend values of proposed indicator calculated using 10 years data sets. 

Natural groundwater vulnerability, ranked into three categories, respectively highly, moderate 

and low vulnerability has been used as it is described in paragraph related to GW vulnerability 

indicator.  As an important step in GDEs identification process, the determination of the degree 

of dependence is based on following GW attributes: flow, level, pressure and quality.  Because in 

literature the degree of dependence on GW has been considered proportional with the fraction of 
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the annual water budget that the ecosystem derived from GW (Hatton and Evans, 1998), within 

the report we are considering four levels of GW dependence: entirely dependence- ecosystems 

that would be lost in response to any change in groundwater; highly dependence- ecosystems 

that would demonstrate substantial decreases in health or changes in structure or composition in 

response to moderate changes in groundwater discharge or water tables; facultative dependence- 

ecosystems that would show a less than proportional change in health, composition or structure 

in response to a change in groundwater; and low dependence- ecosystems which may only use 

groundwater opportunistically or to a very limited extent. 

Based on different combination of key components assessment classes, a GDE vulnerability 

assessment scheme has been developed as it is shown in figure 9. The proposed combinations to 

be included in each GDE vulnerability class are based on link intensity of dependent ecosystem 

with GW, its vulnerability and other GW attributes. The codes have been made based on first 

letter of assessment class for every key component (letter underlined). 

 

Components of 

assessment procedure 

 

Assessment classes 

GW quality 

GW quantity 

 

Poor state Good state 

GW vulnerability 

 

Highly Moderate Low 

GW dependency 

 

Entirely Highly Facultative Low 

 

 

 

 

 

 

 

GDEs vulnerability 

 

  

 

 

  

* These codes are based on first letter of every assessment class and every component (e.g. PHE – P- poor state of GW, H- highly GW 

vulnerability, E- GDEs are entirely dependent on GW) 

Figure  9. GDEs vulnerability assessment scheme.  

 

PHE * PHH 

PME  PMH  

PHF  GHE  

GHH  GME  

GMH 

PLH  PMF  

PML  GHF  

PLE  PLH  

PLF  GMF  

GLE  GLH 

PLL GHL 

GML GLF 

GLL 

Extreme High Moderate Low 
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In the next stage of GENESIS project for selected case studies it will be designed indicators 

packages (selected from indicator matrix) and GDEs vulnerability will be assessed. The 

aim of this action is to validate (even update) the proposed procedure and to test in 

different GDEs types, representative at European scale. Thus, the proposed indicator 

matrix and GDEs vulnerability assessment scheme will constitute a valuable tool for 

interested stakeholders (e.g. managers of water resources, protected areas, forest resources, 

decision makers) 

 

5. Potential of Genesis case studies for testing specific indicators 

(selected case studies from Norway, Finland, Czech Republic, 

Turkey, Greece, Poland, Sweden, Italy, Switzerland) 
 

Based on indicator matrix presented above for every specific GDE an indicators package will be 

selected. In order to present the great potential of GENESIS case studies for testing proposed 

indicators,  a general assessment of main threats to GDEs and of their importance (based on 

vulnerability, risk and conservation value)  has been made as it is shown in table 9. GDEs 

considered within case studies cover the diversity of GDEs types and complexity of interactions 

with GW (or GW dependency). 

Threats to ecosystems have been considered based on threatening processes and GW attributes. 

Threatening processes are main factors that threaten ecological processes in GDEs 

(anthropogenic threats). Examples: Consumptive use of water resources, GW and SW (GW 

abstraction, river regulation); Agricultural land use; Urban development; Mining; Others (sea 

water intrusion, climate change). 

Groundwater attributes are: flow or flux – the rate and volume of supply of groundwater; level – 

for unconfined aquifers, the depth below surface of the water table; pressure – for confined 

aquifers, the potentiometric head of the aquifer and its expression in groundwater discharge 

areas; quality – the chemical quality of groundwater expressed in terms of pH, salinity and/or 

other potential constituents, including nutrients and contaminants. 

Vulnerability has been considered the severity of decline in ecosystem structure or function 

(ecosystem health)  if a threat was realized. This factor was scored from 1 (low) to 2 (moderate) 

and 3 (high). 

Risk has been considered the likelihood of a threat to ecosystem function being realized. This 

factor was scored from 1 (low) to 2 (moderate) and 3 (high). 
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Value has been interpreted as conservation value or uniqueness of an ecosystem. This factor was 

scored from 1 (low) to 2 (moderate) and 3 (high). 

Importance is based on an environmental risk analysis of the key threats to ecosystem health. 

Three factors are considered: risk, vulnerability and value.  Importance ratings (low- moderate- 

high) are based on the product of risk, vulnerability and value ratings. 

The results of this general assessment are presented in table 9. Within the next stage of the 

project  specific indicators packages will be tested and validated.  

 

Table 9. Assessment of GDEs importance based on case studies information  (adapted after Sinclair 

Knight Merz, 2001). 

  Threat to ecosystems Vulnerability Risk Value Importance 

Case study GDEs- 

ecosystem 

types 

Threatening 

process 

GW attribute Impact if threat 

realized 

Likelihood 

of threat 

being 

realized 

Conservati

on value of 

ecosystem 

Risk x 

Vulnerability x 

Value 

Grue site 

(NOR) 

riparian / 

hyporheic 

zone 

agricultural 

land use,  

climate 

changes 

quality, 

level, flux 

low low moderate LOW 

Rokua site 

(FIN) 

lake, stream land use and 

climate chnage 

Level, 

flux 

high High High  

Natura 

2000 

HIGH 

Sumava site 

(CZE) 

Wetlands 

/Wet forests 

GW decline 

Irrigation 

Level, flow, 

quality 

 

high moderate high HIGH 

 Peatbogs GW decline 

Irrigation 

Exploitation 

 

Level, flow, 

quality 

 

high moderate high HIGH 

 Moorlands GW decline 

Irrigation 

 

Level, flow, 

quality 

 

high low high MODERATE 

 Lakes Acid 

atmospheric 

deposition 

 

Level,  

quality 

 

moderate high high HIGH 

Dalyan 

lagoons (TUR) 

Lakes,  Sea water 

intrusion, 

Groundwater 

level,  High High High HIGH 
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channels abstraction quality 

 Wetlands  Groundwater 

abstraction, 

agricultural 

use 

level,  

quality 

High High High HIGH 

 springs Groundwater 

abstraction, 

agricultural 

use 

level,  

quality 

High High High HIGH 

Ismarida lake/ 

coastal lagoon 

(GRE) 

lake Groundwater 

abstraction, 

agricultural 

use 

Level,  

quality 

High High High HIGH 

Bogucice 

aquifer (POL) 

wetland Groundwater 

abstraction 

Level, flux moderate/ high moderate/ 

high 

high HIGH 

 Wet forest 

with 

phreathoph

ytic 

vegetation 

Groundwater 

abstraction, 

agricultural 

use 

Level, flux,  moderate/high Moderate 

/high 

high HIGH 

Lulea river 

(SWE) 

Riparian 

zone 

-Variation of 

groundwater 

table in 

connection to 

the river 

regulation;  

-Disturbed 

exchange 

between 

surface and 

groundwater 

- Level 

variations 

- Water 

quality 

alterations 

- Flux 

direction 

change 

High Moderate Moderate MODERATE 

Fontanili 

(ITA) 

 

Quasi 

natural 

lowland 

springs, 

pond, 

ditches, 

channels 

Urban 

development,  

Land use 

change (from 

fontanili to 

arable land) 

Pressure, 

Flow 

High High High HIGH 

 Quasi 

natural 

lowland 

springs, 

pond, 

ditches, 

channels 

Agricultural 

land use 

Quality Moderate Moderate High HIGH 

Neuchatel Spring Seasonality Flux, level High (Supply Unknown High Unknown 
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(Areuse 

karstic cave) 

(SUI) 

within cave and amount of 

recharge 

of a rich river 

continuum) 

(To be 

delineated 

in this 

specific 

meteorolo

gical 

context) 

(Supply of 

a rich river 

continuum

) 

(Pfyn alluvial 

forest) (SUI) 

Alluvial 

forest 

Seasonality 

and amount of 

recharge, 

River 

correction 

Level Moderate High High HIGH 

 

6. Criteria for setting Groundwater Ecosystem Protection Areas 

Groundwater Ecosystem Protection Areas (GEPA) are areas around ecosystems where human 

impacts on i) groundwater quality and ii) groundwater levels and flow patterns should be 

minimized or reduced below certain limits to protect the ecosystems.  

In GEPAs hydrological regulations for accepted groundwater table levels and fluctuations, 

groundwater withdrawals, drainage of surface water and groundwater, and irrigation can be set to 

protect connected GDEs. Similarly, appropriate regulations can also be set for water quality 

parameters and human activities affecting water quality.  

Whether water quality or water quantity should determine the size, delimitations and 

requirements to the GEPAs depends on actual and potential human impacts on groundwater, and 

the importance of these impacts for the GDEs. The GEPA can also define the administrative unit 

for ecosystem protection and impact assessment. If water quantity is a threat to the GDE then the 

limit can be surface water catchment or the groundwater capture zone. To protect GDEs from 

contamination in cases when buffer zones can be used to reduce pollution, the GEPA zone can 

be set to the efficient buffer length for pollutant reduction (e.g. 30 meters around the GDE). 

GEPAs may be divided into zones or sections with different regulations depending on 

requirements  needed to protect the ecosystems. Upstream  a GDE groundwater level 

fluctuations, water flow patterns and water quality close to pristine conditions might be 

necessary to conserve the ecosystem, whereas downstream the GDE only groundwater table 

levels will be of  ecological importance to the ecosystem. 

The setting of GEPAs can be carried out in several steps.    

 i) In the first step the capture and catchment areas (water feeding area) and other areas human 

impacts might affect the GDE should be determined by modeling or otherwise.  The delimitation 

of these areas determines the potential maximal size of the GEPA.                
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ii) In the next step the ecological requirement of the GDEs to hydrological and physico-chemical 

groundwater parameters should be determined, and potential threats and human impacts on 

hydrology and quality of the groundwater body within the areas delimited in the first step should 

be surveyed. The risk of pollution and whether buffer zones can be efficient to reduce such 

pollution should be assessed. 

iii) Based on this information and emphasizing where measures or restrictions are or can be 

necessary to protect GDEs, GEPAs are delimited and, if appropriate, divided into zones with 

different regulations. 

Groundwater hydrology and quality and thus also groundwater impacts on GDEs can, 

particularly for small groundwater bodies, be largely influenced of water feeding from 

surrounding catchments. Thus, when appropriate, GEPAs should include not only aquifers, but 

also important water feeding areas outside groundwater bodies. 

Another important areas which need a protected status are the river banks and the river bottom in 

the areas recognized as major input water zones to the aquifer (figure 10). The cover land area 

above the aquifer, and here especially recharge zones and areas where the GW table is close to 

the surface, have to be better protected against diffused pollution . 

 

Well
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Drinking Water

Protection Area (DWPA)

GDE

Spring
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Risk Management

Area
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Figure  10. Conceptual draft model for setting ecosystem protection areas or buffer zones for 

drinking water and for ecosystems.  

 

In case of loss of groundwater quantity (input) to the GDE, the protection zone can be larger and 

include all the catchment or capture zone.   

 

 

 

7. Recommendations for GWD input 

The management of GDE must be based on some general principles and local knowledge on 

these systems. The WFD and the GWD will have to account for the large differences between 

karstic and porous granular aquifers (e.g. self-purification potential, water residence time, 

vulnerability), because need different strategies for their management and protection. GW 

ecology should be horizontally linked with other strategic EU frameworks and directives, Natura 

2000, the Birds and Habitats Directive (Danielopol and Griebler, 2008). It is recommended that 

groundwater studies should be carried out in systems of special national importance such as the 

Natura 2000 sites (e.g. peatlands in Finland and coastal lagoon in the Mediterranean). Special 

attention should be put to systems close to aquifers that are most likely to be connected to these 

systems. 

We recommend to use simple indicators to: I) assess the state, II) show pressure and 

vulnerability, and III) evaluate the ecosystem services provided by GDEs. A first step could be to 

map important ecosystems such Natura 2000 ecosystems that are connected to aquifers. Also 

systems that are important for socio-economic reasons should be included in this mapping (e.g. 

recreation and tourism). Some monitoring and research should then be carried out at selected 

sites to understand these systems. This is needed as little information is yet available. 

To assess whether a GDE is disturbed or not the methodologies for ecological state assessment 

should be applied. Biological indicators such as macroinvertebrates and plants could be useful 

because they provide information on actual and past human activities within the system. The 

assessment is carried out by comparing a sufficient number of “pristine” systems or systems with 

high ecological value as reference state to systems being assessed as potentially damaged 

systems. The ecosystems and indicators values can vary regionally, and this have to be taken into 

account. It must be noted that a system considered to be in good status in densely populated 

regions of Europe is probably considered to be severely damaged in pristine environments such 
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as in Northern Europe or in the mountainous regions of Europe. Sometimes pristine systems  are 

found in transboundary catchments (as these sites were left undeveloped for military reasons). 

A classification typology for GDEs will be an important step ahead in the process of GDEs 

ecological state and services assessment.  

 

 

 

8. Conclusions 

 Indicators serve to forecast trends in ecological state of different ecosystem types, but only if 

they are repeatedly generated during a longer period of time and statistically significant 

datasets are collected. The reliability of the collected data should be supported by the use of 

standardized monitoring and sampling methods.  

 Indicators based on short term monitoring data cannot identify slow changes in 

groundwater or dependent ecosystems and are not suitable for planning or managerial  

purposes. Data sets for at least 10 years are recommended to be use for identification of 

significant changes and trends for GDEs vulnerability assessment. Formulation of GW 

indicators and their aggregation with indicators developed for surface, dependent ecosystems  

can support  sustainable management and quality conservation of GDEs   resources and 

services. 

 Indicators are tools for problem identification and not for problem solution. It can help in 

assessment of the effectiveness of the measures taken.  Combinations of several indicators 

into sets/ packages are recommended (and frequently used), because implementation of one 

single indicator can only rarely satisfy the required objectives. For instance, GW related 

indicators (quality, vulnerability) can be seen as early warning indicators, which support  

identification of stresses and impacts on groundwater and dependent ecosystems at an early 

stage, when they are still controllable and manageable and measures to protect can be 

adopted in a timely way. 

 A multidisciplinary approach to indicator development, based on the objectives imposed by 

WFD and GWD implementation and a strong collaboration and communication  between 

indicator developers, monitoring programmes and indicator users are important element in 

the process of indicator generation and implementation. The aim of this process is to improve 

integrated water resource assessment and management, to achieve social, economic and 

environmental benefits for society and to support governance and policy, based on 

coordination of water actions between different spatial scales – local, national and, global 

level. Top-down assessment of GW state based on significant damage on GDEs and 
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bottom-up assessment of GDEs vulnerability, as it is shown in figure 11, are 

complementary approaches which strongly supported sustainable watershed management. 

 

 

 
 

Figure 11. Complementary “top-down” and “bottom-up” approach for supporting integrated river 

basin management plans.  

 

 

 The monitoring, assessment and conservation of GDEs depend on the awareness of 

ecosystem services provided and on investments in this environmental issue. Improved 

collaboration and coordination between different actors and existing data and methodologies 

(multi-, inter- and transdisciplinary work) is one way forward. 

 The main problem in the use of indicators as integrated tools is the significant amount of 

reliable data necessary for their application, describing  geologic, geomorphologic, 

hydrologic, ecological, and water quality conditions of the study area. In many countries, 

such datasets are still limited, but the monitoring requirements of the EU legislation (Water 

Framework Directive) are expected to minimize it. Groundwater pollution risk mapping 

methodology and the water quality assessment indices can be well combined to provide an 

integrated evaluation tool at a catchment scale. 

 Biomonitoring is widely used to assess the quality of surface waters and seems to be an 

interesting approach for groundwater also. Once modified or contaminated, groundwater can 

be very costly and difficult to restore. Integrated approach of groundwater and dependent 

ecosystems by combining hydrogeological and ecological tools (groundwater vulnerability 
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and risk mapping, water quality indices, biotic and ecological indices) is an effective practice 

for sustainable watershed management. 
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ANNEX 1   

 

INDICATORS  FACT SHEETS 

 Total abstraction of groundwater/ GW recharge 

Total abstraction of groundwater/ GW recharge 

Description indicator compares the amount of abstracted GW to total GW recharge 

Category GW attributes 

Units % 

Data needed -  GW use for domestic purposes, industry and agriculture;   

- GW recharge (average infiltration e.g. P-ET multiplied by the area- 
without surface waters) 

How to calculate (total abstraction of GW/ GW recharge)*100 

Interpretation indicate the stress on the resource / intensity of renewable GW use/ shows 
if GW is used in a sustainable way 

Scale GW units (aquifers, GW basins) or aquifer systems at catchment scale 

Additional notes  

References Vrba & Lipponen, 2007 

 

 Fraction of GW abstracted from allowed exploitable GW resources 

Fraction of GW abstracted from allowed exploitable GW resources 

Description indicator compares the amount of abstracted GW to total exploitable GW 
resources. It gives an indication of the water balance over a long period of 
time. 
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Category GW attributes 

Units % 

Data needed - GW use for domestic purposes, industry and agriculture- total 
abstraction; - exploitable GW resources -means the amount of water that 
can be abstracted from a given aquifer (or other unit) under current  socio-
economic constraints and hydrogeological and ecological conditions; 

How to calculate (total abstraction of GW/ exploitable GW resources)*100 

Interpretation It gives an indication of the sustainability of abstraction.   

Scale international/ regional/ sub-regional GW units (aquifers, GW basins) or 
river basins 

Additional notes  

References Vrba & Lipponen, 2007 

 

 GW as a % of total water usage (drinking+irrigation+industrial use) 

GW as a % of total water usage (drinking+irrigation+industrial use) 

Description indicator expresses the present state and trends of surface water and GW 
use for  different purposes (drinking, irrigation, other industrial use) 

Category GW attributes 

Units % 

Data needed - GW use for different purposes (drinking, irrigation, other industrial use) 
(water supply companies and data about domestic, agricultural and 
industrial wells);  - surface waters use for different purposes (drinking, 
irrigation, other industrial use) 

How to calculate (GW for drinking, irrigation and other industrial use/(SUM of surface water 
and GW for these purposes)*100 

Interpretation inform about surface and GW use for human population/ drinking use and 
economic activities (irrigation, industrial use); support integrated 
management of freshwater resources 

Scale international/ national/ regional/ GW basins/ aquifer systems/ river basins 

Additional notes  
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References Vrba & Lipponen, 2007 

 

 

 

 Rate of change in GW level/ rate of recharge 

Rate of change in GW level/ rate of recharge 

Description  It gives the speed of groundwater decline/ increase compared to 
groundwater formation.    

Category GW attributes 

Units Dimensionless (e.g. m a-1/m a-1) 

Data needed Groundwater level time series and annual recharge or recharge time series 
(e.g. monthly or yearly data) 

How to calculate (Groundwater level change/time of observed change)/(recharge) 

Interpretation It informs managers how sever the groundwater overuse is and also, if 
measures are implemented or decrease groundwater use, it tells how fast 
the recovery . 

Scale Aquifer or groundwater body 

Additional notes None 

References None 

 

 Rate of change in depth to GW table/ piezometric level 

Rate of change in depth to GW table/ piezometric level 

Description It gives the speed of groundwater decline/increase . 

Category GW attributes 

Units LT-1 (e.g. m a-1) 

Data needed Groundwater level time series 

How to calculate Groundwater level change/time interval 
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Interpretation Informs about how fast the groundwater is declining. 

Scale Aquifer 

Additional notes None 

References  

 

 GW quality indicator 

GW quality indicator 

Description It can inform about the present status and trends in GW quality and may 
help to identify quality problems in space and time. It is related to drinking 
water standards, food processing, irrigation requirements, industrial use.   

Category GW attributes 

Units % 

Data needed Areas where maximum value of different parameter is exceeded (km2) and 
total studied/ selected area (km2) 

How to calculate (∑areas with natural GW-quality problems/ Total studied area) x 100 

Interpretation it allows to identify and to foresee the outcome of processes leading to GW 
contamination 

Scale site, ecosystem, catchment, aquifer 

Additional notes The following parameters could be considered: Electric conductivity, pH, 
Nitrate, Chloride, Iron, Manganese, Fluoride. Their values should be 
compared with maximum level specified in WHO drinking water guidelines. 
It is recommended for aquifers where geological or hydrochemical 
conditions suggest a risk/ possible problems. Sampling problems could 
produce wrong results. 

References Vrba & Lipponen, 2007 

 

 GW vulnerability indicator 

GW vulnerability indicator 

Description Vulnerability is an intrinsic property of a GW system that depends on the 
sensitivity of that system to natural and human impacts. GW vulnerability 
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indicator is based on simple data usually available on geological and 
hydrogeological maps 

Category GW attributes 

Units % 

Data needed Area of different vulnerability classes (km2) and total studied/ selected area 
(km2) 

How to calculate (∑ areas with different classes of GW vulnerability / Total studied area) x 
100 

Interpretation GW vulnerability indicator advices the planners and decision makers 
related to protection measures needed and conservation policy 

Scale site, ecosystem, catchment, aquifer 

Additional notes GW vulnerability classes (defined based on soil properties, lithology of the 
unsaturated zone and thickness of the unsaturated zone): 1. Highly 
vulnerable aquifers (uppermost water table aquifers overlain by permeable 
sandy soils and by permeable unsaturated zone (sand, gravel, sandstone, 
chalk, limestone) of limited thickness (less than 10 m); deeper aquifers 
interconnected to the uppermost vulnerable aquifers; aquifers linked to 
surface water bodies; karstic aquifers; aquifers recharge area; part of 
aquifers in coastal area affected by seawater intrusion); 2. Moderately 
vulnerable aquifers (deeper water table aquifers or semi confined aquifers 
overlain by less permeable soil (sandy and silty loam, loam, aggregated 
clay) and less permeable unsaturated zone of thickness between 10 and 30 
m); 3. Low and negligibly vulnerable aquifers (deep confined renewable 
aquifers overlain by low permeable soil (clay loam, non aggregated clay) 
and a thick, low permeability unsaturated zone (more than 30 m); deep 
mostly non-renewable aquifers with groundwater which is not part of the  
hydrological cycle under current conditions and during recent geological 
periods;  the unsaturated zone consists of impermeable or less permeable 
rocks and often reaches a thickness of hundreds or even thousands of 
meters) 

References Vrba & Lipponen, 2007 

 

 Electrical  conductivity of GW 

Electrical  conductivity of GW 

Description It is a measure of the capability of a solution such as groundwater to 
conduct electrical current. It can indicate the age of groundwater and more 



  
 

 97 

solutes are dissolved from mineral soil or rock over time. 

Category GW dependency 

Units µS/cm, absolute and relative abundance 

Data needed EC mesurements 

How to calculate  

Interpretation it is a measure of ionic compounds dissolved in water; it is an indirect 
measure of Total Dissolved Solids (TDS). It also can measure the presence 
of groundwater and the amount of GW in ecosystem that normally have 
low EC such as surface water ecosystems.   

Scale site, ecosystem 

Additional notes  

References  

 

 Electrical  conductivity of  surface water 

Electrical  conductivity of  surface water 

Description It is a measure of the capability of a solution such as streams, rivers, lakes, 
springs to conduct electrical current.  

Category GW dependency 

Units µS/cm,  absolute and relative abundance 

Data needed EC mesurements 

How to calculate  

Interpretation it is a measure of ionic compounds dissolved in water; it is an indirect 
measure of Total Dissolved Solids (TDS). It also indicate the EC in surface 
water as a reference point compared to groundwater. 

Scale site, ecosystem 

Additional notes  

References  
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 Environmental tracers (stable isotopes technique) 

Environmental tracers (stable isotopes technique) 

Description Relations between the GDEs and the local and regional groundwater flow 
systems can be inferred from environmental tracers such as stable isotopes 
of water, tritium, noble gases, CFCs or SF6. Environmental tracers allow to 
identify and quantify sources of discharge to GDEs as well as to provide 
time scales for assessments of their vulnerability to pollution. 

Category GW dependency 

Units absolute and relative abundances 

Data needed Tracers  abundance in precipitation, wells, springs, surface waters 

How to calculate specific models  for each tracer 

Interpretation It determines the temporal and 3D spatial relationship between surface 
water and groundwater in the ecosystem capture zone. It can indicate 
transit times in ecosystems, the amount of groundwater, and size of   
capture zone. 

Scale GDE capture zone, local, regional 

Additional notes  

References  

 

 Red-listed spring dependent species 

Red-listed spring dependent species (e.g. Crunoecia irrorata –caddisfly in 
Nordic springs) 

Description The number (or proportion of all species) of nationally red-listed 
invertebrate or bryophyte species in  spring ecosystems. 

Category GDE state:  springs 

Units number or % 
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Data needed Inventories of invertebrate and bryophyte species in springs; national 
species red lists; species habitat prreferences (for springs; spring-preferring 
[crenophilous], spring dependent [crenobiont], lentic/lotic/ubiquitous, i.e. 
species not dependent on springs) 

How to calculate number of redlisted spring-dependent/spring-preferring species; or 
proportion = number of red-listed spring dependent/spring-preferring 
species/all species recorded in a given taxonomic group 

 

Interpretation provides information about the value of GDEs/ springs as unique habitat 
for threatened  species 

Scale site, ecosystem 

Additional notes  

References Ilmonen et al., 2012  

 

 Proportion of spring-dependent macroinvertebrates 
 

Proportion of spring-dependent macroinvertebrates (e.g.Trichoptera, 
Chironomidae) 

Description Records of all spring-preferring (crenophilous) or spring dependent 
(crenobiont) species in  springs 

Category GDE state: springs 

Units number or % 

 

Data needed Species inventories (vertebrates, invertebrates, bryophytes, vascular 
plants), species habitat preferences (spring-preferring [crenophilous], 
spring dependent [crenobiont], lentic/lotic/ubiquitous, i.e. species not 
dependent on springs) 

How to calculate number of spring dependent/spring-preferring species recorded, or 
proportion = number of spring dependent/spring-preferring species/all 
species recorded for a given taxonomic group 

Interpretation provides information about the value of GDEs (springs) as a unique habitat 
for specialist species 
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Scale site, ecosystem 

Additional notes  

References Ilmonen et al. (2012), Ilmonen et al. (2009) 

 

 For GDE state of other aquatic ecosystems it is proposed to use indicators developed for 
specific aquatic ecosystems, based on their typology within WFD implementation process. 
 
 

 Percent of tolerant plant species to salinity 

Percent of tolerant plant species to salinity 

Description It represents  a measure of effects of salt intrusion on plant communities  
composition  

Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species list and corresponding Ellenberg value for salinity (S)  

How to calculate No of species with preferences for salt conditions (high S indicator values)/ 
total species no.  

Interpretation It gives information on trends in composition of plant communities if salt 
intrusion is the pressure. 

Scale Ecosystem scale, catchment scale 

Additional notes  

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et al., 
2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, Godefroid 
and Dana, 2007, Krecek et al., 2010  

 

 Fraction of area dominated  by salt tolerant species 

Fraction of area dominated  by salt tolerant species 

Description It represents  a measure of effects of salt intrusion on plant communities  
structure and distribution  
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Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species cover (%) and corresponding Ellenberg value for salinity (S)  

How to calculate % cover of species with preferences for salt conditions (high S indicator 
values)/ total species cover  

Interpretation It gives information on trends in distribution and structure of plant 
communities if salt intrusion is the pressure. 

Scale Ecosystem scale, catchment scale 

Additional notes  

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et al., 
2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, Godefroid 
and Dana, 2007, Krecek et al., 2010 

 

 Percent of plant species with moisture preferences 

Percent of plant species with moisture preferences 

Description It represents  a measure of effects of water abstraction on plant 
communities  composition  

Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species list and corresponding Ellenberg value for moisture (F*)  

How to calculate No of species with preferences for wet conditions (high F indicator values)/ 
total species no.  

Interpretation It gives information on trends in composition of plant communities if water 
abstraction is the pressure. 

Scale Ecosystem scale, catchment scale 

Additional notes * F comes from German word Feuchtigkeit 

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et al., 
2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, Godefroid 
and Dana, 2007, Krecek et al., 2010 
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 Fraction of area dominated  by plant species with moisture preferences 

Fraction of area dominated  by plant species with moisture preferences 

Description It represents  a measure of effects of water abstraction on plant 
communities  structure and distribution 

Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species cover (%) and corresponding Ellenberg value for moisture (F*)  

How to calculate % cover of species with preferences for wet conditions (high F indicator 
values)/ total species cover 

Interpretation It gives information on trends in distribution and structure of plant 
communities if water abstraction is the pressure. 

Scale Ecosystem scale, catchment scale 

Additional notes  

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et al., 
2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, Godefroid 
and Dana, 2007, Krecek et al., 2010 

 

 Percent of plant species with acid soil  preferences 

Percent of plant species with acid soil  preferences 

Description It represents  a measure of effects of acid depositions/ acid substrate on 
plant communities  composition  

Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species list and corresponding Ellenberg value for soil and water pH 
(R- reaction)  
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How to calculate No of species with preferences for acid conditions (low R indicator values)/ 
total species no.  

Interpretation It gives information on trends in composition of plant communities if acid 
deposition/ acid substrate is the pressure. 

Scale Ecosystem scale, catchment scale 

Additional notes  

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et al., 
2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, Godefroid 
and Dana, 2007, Krecek et al., 2010 

 

 Fraction of area dominated  by plant species with acid soil  preferences 

Fraction of area dominated  by plant species with acid soil  preferences 

Description It represents  a measure of effects of acid depositions/ acid substrate on 
plant communities  structure and distribution 

Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species cover (%) and corresponding Ellenberg value for soil reaction 
(R)  

How to calculate % cover of species with preferences for acid conditions (low R indicator 
values)/ total species cover 

Interpretation It gives information on trends in distribution and structure of plant 
communities if acid depositions/ acid substrate is the pressure. 

Scale Ecosystem scale, catchment scale 

Additional notes  

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et al., 
2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, Godefroid 
and Dana, 2007, Krecek et al., 2010 

 

 Percent of plant species with nitrogen preferences 
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Percent of plant species with nitrogen preferences 

Description It represents  a measure of effects of eutrophication (nutrients enrichment) 
on plant communities  composition  

Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species list and corresponding Ellenberg value for soil fertility/ 
nitrogen (N)  

How to calculate No of species with preferences for fertile substrate (high content of 
nutrients in soil - high N indicator values)/ total species no.  

Interpretation It gives information on trends in composition of plant communities if 
eutrophication is the pressure. 

Scale Ecosystem scale, catchment scale 

Additional notes  

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et al., 
2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, Godefroid 
and Dana, 2007, Krecek et al., 2010 

 

 Fraction of area dominated  by plant species with nitrogen  preferences 

Fraction of area dominated  by plant species with nitrogen  preferences 

Description It represents  a measure of effects of eutrophication on plant 
communities  structure and distribution 

Category GDE state: terrestrial ecosystems 

Units % 

Data needed Plant species cover (%) and corresponding Ellenberg value for nitrogen 
(N)  

How to calculate % cover of species with preferences for fertile substrate (high N indicator 
values)/ total species cover 

Interpretation It gives information on trends in distribution and structure of plant 
communities if eutrophication  is the pressure. 

Scale Ecosystem scale, catchment scale 



  
 

 105 

Additional notes  

References Ellenberg, 1992,  Hill et al., 1999, Schaffers and Sýkora, 2000,  Firbank et 
al., 2000, Mark et al., 2000, Lawesson et al., 2003, Wylupek, 2004, 
Godefroid and Dana, 2007, Krecek et al., 2010 

 

 Leaf Area Index (LAI) 

Leaf Area Index (LAI) 

Description Leaf Area Index (LAI) is the ratio of foliage area to ground area.  LAI is  
characterizing the canopy of an ecosystem. 

Category GDE state: terrestrial ecosystems 

Units dimensionless 

Data needed Direct measurements in the field using a leaf area meter 

How to calculate Direct readings (or selection of appropriate calculation methods)  

Interpretation The measurement of LAI is of fundamental importance to agricultural and 
ecological research, as LAI is an indicator of plant growth. LAI directly 
affects the interception and absorption of light by the canopy and 
influences the heat balance and evaporation from the landscape. 

Scale Site scale, ecosystem scale 

Additional notes The LAI-2200 calculates the interception of blue light (320-490 nm) at 5 
zenith angles from readings taken above and below the canopy. These 
data are fit to a well-established and scientifically accepted model of 
radiative transfer in vegetative canopies to compute Leaf Area Index, 
Mean Tip Angle, and canopy gap fraction. 

References Breda, 2003 

 

 Rate of change in wetland/ GDEs fraction of  catchment  area in dry season 

Rate of change in wetland/ GDEs fraction of  catchment  area in dry season 

Description It represents the weight of wetlands (or other GDEs types) related to the 
total surface at different time moments. 

Category GDEs state within catchment 
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Units % 

Data needed Area of wet soil in dry and wet conditions. This can be determined by 
hydrological modeling with climate data. 

How to calculate Cover area of wetlands (or other GDEs types) /total catchment area  
compared at different time moments (dry season, wet season)  

Interpretation It gives information related to sensitive wetlands (or other GDEs)  to 
different pressures (GW abstraction, climate change) 

Scale Catchment scale 

Additional notes  

References  

 

 Land cover/ land use distribution 

Land cover/ land use distribution 

Description It represents the weight of different ecosystems related to the total surface 

Category Other catchment characteristics relevant for GDEs 

Units % or km2 

Data needed Surface (km2) of different ecosystems (e.g. agrosystems, forests, aquatic, 
socio-economic) and total surface of area (km2) 

How to calculate  

Interpretation provide information about drivers and pressures which could have an 
impact on GW and dependent ecosystems 

Scale site, catchment, region, country 

Additional notes  

References  

 

 Fraction of protected areas from total GDEs at catchment 

Fraction of protected areas from total GDEs at catchment 
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Description It represents the weight of protected areas related to the total surface 

Category Other catchment characteristics relevant for GDEs 

Units % 

Data needed Catchment surface (km2),  surface protected areas (km2) 

How to calculate  

Interpretation provide information about conservation status/  value of area 

Scale national, regional, groundwater basins, river basins 

Additional notes  

References  

 

 GDEs under different protection status   

GDEs under different protection status  (No.protected areas/ catchment 
surface ) 

Description protected areas are those mentioned by UICN (e.g. natural parks, national 
parks) and Natura 2000 sites 

Category Other catchment characteristics relevant for GDEs 

Units number 

Data needed No.protected areas 

How to calculate  

Interpretation provide information about conservation status/  value of area 

Scale national, regional, groundwater basins, river basins 

Additional notes  

References  
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