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1.

Introduction

Groundwater is the main freshwater resource on earth, and therefore vital for water supply,
irrigation and other ecosystem services (as defined by Constanza et al. 1997). Groundwater
resources are facing increasing quantitative pressure from land-use and consumption,
resulting in reduced groundwater (GW) levels and threat to future GW resources (Wada et al.
2010). In many regions of the world, groundwater has been contaminated by diffuse loading
from land-use activities, such as agriculture (e.g. Howden et al. 2011), or point sources (e.g.
industry). Changes in groundwater quantity and quality have resulted in negative impacts on
important groundwater dependent ecosystems (Kløve et al. 2011 a and b). Climate change,
especially as changes in snow and frost, is also recognized as an additional pressure on
groundwater and connected ecosystems (Okkonen and Kløve 2010).
Groundwater maintains important aquatic and terrestrial ecosystems such as springs,
wetlands and lakes that host many species and are often protected due to their rich and
unique biodiversity. It is a source of stream base flow and provides discharge during droughts.
Typically groundwater dependent lakes are crystal clear and therefore of high value for
recreation and tourism. The proper management of groundwater resources is needed to
maintain ecosystems services that groundwater dependent ecosystems (GDEs) provide.
Overuse of groundwater, land-use changes, climate change and sea level rise are risks for
GDEs. Therefore the future management of groundwater needs to consider GDEs as an
integrated part linked to the groundwater system.
Groundwater dependent ecosystems (GDEs) may be defined as ecosystems whose current
composition and function rely on GW supply. GDEs are a vital yet not fully understood
component of the natural environment. In many cases groundwater makes an important but
poorly documented contribution to various aquatic and terrestrial ecosystems such as: I)
rivers and lakes, including aquatic, hyporheic, and riparian habitats, II) subterranean aquifers
and caves, III) wetlands and springs, and IV) estuarine and nearshore marine ecosystems
(Boulton, 2005). The aquifer itself is also an important ecosystem (Danielopol and Pospisil,
2001).
As GDEs provide invaluable ecosystem services and unique biodiversity (Boulton et al., 2008;
Kløve et al. 2011), there is a rapidly growing interest in the conservation and restoration of
these systems. A re-balancing of water allocation between various human uses, as well as
ecosystems, is needed (Showstack 2004). Nevertheless, even the most advanced approaches
to GDE assessment and protection do not always include ecological criteria: for example, the
European Union Groundwater Directive (GWD) is based on groundwater quantity and chemical
quality (Danielopol et al. 2004). Good status of GW resources (aquifers) requires that the
aquifer and their connected ecosystems are in good status. As little is known about GDEs, the
GWD specifically mentions the need for research on groundwater dependent ecosystems (EC
2006).
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Changes in land and water use policies might have an impact on groundwater quantity to
GDEs that must be understood. The amount of irrigation is directly related to food prices and
the pressure to use more groundwater is high as the need for food increases. The use of
biofuels is an additional pressure. Groundwater is considered a safe water resource and its
use have increased due to national policies that promote groundwater use as a safe drinking
water supply. However as water treatment methods has considerably improved this policy is
not necessarily correct. Surface water provides a good source of potable water in many cases.
The impacts of groundwater use on ecosystems must be understood as part of decision
making. If changes in GDEs occur they must be quantified and the consequences assessed.
Also protection methods should be developed to minimize damage and loss of biodiversity.
Numerous examples of mismanagement of GDEs exist worldwide. A large GDE was irreversibly
damaged by urbanisation and groundwater overexploitation in Mexico City (Izazola, 2000). A
big karstic formation of the Edward aquifer, Texas, USA, previously hosted a network of
springs that supported a variety of aquatic species and is now endangered due to a drastic
decrease of the water level (Howe, 2002). The Costa de Hermosillo, Mexico, a previously rich
coastal GDE was severely damaged due to salt intrusion as groundwater obstruction
progressed and is now in extreme need of restoration (Halvorson et al., 2003). A GDE of
Grangara Mound, Western Australia, hosting a major potable aquifer system of the region was
exposed for few decades to a declining water level. Reduction of groundwater quantity and
quality, loss of wetland habitat and aquatic species, disappearance of springs and decline
and/or death of groundwater dependent vegetation occurred (Groom et al., 2000). Another
example of misuse of GDE resources and its consequent damage are springs of the Great
Artesian Basin, Australia (Worthington Wilmer & Wilcox, 2007). Deteriorating groundwaters
threaten wetlands of southern Australia. Rising water tables may damage and potentially
destroy phreatophytes communities (Naumburg et al., 2005), limit root penetration depth,
affect their functioning and cause potential death with consequent decline of water transport
capacity. Oscillating water levels result in anoxic conditions threatening plant root systems
(Martin & Chambers, 2001). Engineering activities such as tunnel constructions may result in
damage and loss of GDEs due to rapid water drainage and reversals of the water flowpaths
(Gargini et al., 2008,Kværner & Snilsberg, 2008,Vincenzi et al., 2009). Lagoons have been
severely damaged lately (Sousa et al., 2009) and their reduction observed globally.
Furthermore, GDEs may become affected through changes in dynamics of microbial
communities (Torsvik et al., 1998), eutrophication and consequent losses of GDE’s services
(Rast & Thornton, 1996), chemical pollution that will reside in the aquifers throughout
decades (Tomer & Burkart, 2003), indirect alteration of the pathways and energy flow
(Brookes et al., 2005).
Commission of the European Communities (2003) classified the drivers and the pressures that
can menace groundwater quality, releasing substances into the environment. Six drivers
(household, industry, agriculture, forestry, mine and landfills) and a large number of
pressures were identified. For practical reasons, the pressures were ranked in diffuse, point,
and other anthropogenic (Balderacchi et al. 2012). However the real risk can be assessed only
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knowing the water body characteristics. (Brown et al., 2011) found that, although only 5% of
GDE clusters in their study have known groundwater contamination, those were threatened by
nitrates (30% of the clusters), industrial chemicals (30% of the clusters) and pesticides (70% of
the clusters).
In 2006, the European Environment Agency reported that approximately 250,000
contaminated field sites are in need of remediation due to the risks that pollutants pose to
human and ecosystem health (EEA 2007). The pollutants in groundwater may spread to
uncontaminated areas and may endanger receptors like surface water and drinking water
wells, since spillage events and wrong handling of manufactured materials as well as
construction activities may result in groundwater contamination.
A recent UNEP/CBD report stated that a major weakness of integrated watershed
management plans is a strong over-emphasis on surface waters and neglect of the importance
of GW resources (UNEP/CBD 2010). The integrated management of groundwater systems as
part of water resources management (IWRM) is complex as the catchments cannot be defined
in a similar way as for surface water. Often groundwater systems are highly heterogeneous
and variable in size. Sometimes the subsurface structure is not well known and the water flow
paths complex. For groundwater pollution, some risk assessment methods are available, but
these are lacking for GDEs. There is a clear need to identify protection principles and
methods suitable to protect GDEs. In future for groundwater we should know what are the
impacts on GDEs and how these impacts can be reduced. This paper outlines different aspects
for future protection of GDEs. The aim is to propose a framework for protection based on
properties of groundwater, GDEs and their ecosystem services.
This report reviews various aspects related to policies and protection frameworks and
provides future recommendations. Understanding of the GW systems should be approached in
a holistic way where all water uses are seen in the context of socio-economic development
and ecosystem protection. At present, we do not have the tools needed to reliably model and
predict the interwoven physical, biological, geochemical, and human dynamics (Paola et al.
2008). There is lack of sufficient scientific knowledge on GDEs for their proper protection. For
GDEs, the hydrological or hydraulic contact between GDEs and aquifers is poorly known
(Hinsby et al. 2010). Also GDE hydrology and ecology is not well known. A key issue for
groundwater management is: what is a considerable impact on GDEs? The impacts can be due
to quantitative or qualitative changes in groundwater level, fluxes or pressure. The impact
can be considered considerable if I) valuable ecosystems are at risk or if the II) socioeconomic impacts are considerable. In many cases valuable sites are already known. In EU
several valuable ecosystems are included in the Hhabitats Directive and its Natura 2000 sites
that have a strong protection status. Damage to systems that are important for recreation or
local economy can be severe compared to the benefit of intense land or water use. This
report present methods and policies and critically reviews practices that can be useful to
manage GDEs.
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2. Past, current and new development in protection and legislation
2.1 Sustainable development
International initiations for sustainability have established forums for national, bilateral and
multilateral commitments and co-operations (UN, 1993; Ramsar Convention Secretariat,
2011), while groundwater and dependent ecosystems have received high priority. But still,
strong water governance institutions must be established and water frameworks must be
implemented in order to effectively address the management of freshwater resources from a
micro (region, water basin) to macro (earth) level (Connor and Stoddard, 2012).
In Agenda 21 is raised the need to explore on a sustainable basis surface and groundwater
resources (see chapter 18). Because a major constraint for this is qualitative and quantitative
problems of freshwater, the need for initiating protection and conservation programmes is
reinforced (UN, 1993). Several activities were recommended towards these dimensions which
involved among others, the protection of groundwater and dependent ecosystems.
The interaction of physical, biological and chemical components of wetlands has been
considered as fundamental functions for the health and welfare of humans living close to
them (Ramsar Convention Secretariat, 2011). This is a reason behind the establishment of the
Convention on wetlands of international importance (Ramsar Convention, 1994), which
provides the framework for the conservation and sustainable use of all type of wetlands
(lakes, rivers, swamps, marshes, estuaries, deltas, etc.). The treaty was initiated in Iran in
1971 but came into force when the seventh Party (Greece) signed it in 1975, while it was
amended twice (in 1982 and 1987). So far 160 states have been committed to fulfill the
requirements of the convention while 2000 wetlands covering 1.92*108 ha have been
registered so far (The Ramsar Convention on Wetlands, 2012).
The Convention has established guidelines for groundwater to maintain wetland ecological
character, which was published as a handbook by the Convention Parties (Ramsar Convention
Secretariat, 2010). Furthermore, the 3rd Ramsar Strategic Plan 2009-2015, involves a specific
strategy (#1.7) for integrated water resources management, which applies an ecosystem
based approach and requests specific management actions by the end of 2015 (Ramsar
Strategic Plan, 2011).
From a macro level, in the IPCC report it is declared that groundwater recharge rates
(renewable groundwater resource and groundwater levels) are expected to be affected by
climatic change (Kundzewicz et al., 2007). This is going to be witnessed in most parts of
Europe and the Mediterranean (Alcamo et al., 2007; Chenoweth et al., 2011; Iglesias et al.,
2011). Groundwater is regarded, more than ever before, a key research priority for climatic
change impact assessment is regarded (Kundzewicz et al., 2007).
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2.2 Legal analysis
The complex legal architecture of the European Union’s water laws frames the protection of
groundwater dependent ecosystems (GDEs) in various ways, including but not restricted to the
second Groundwater Directive (GWD, EC 2006). Before considering the GWD it is important to
place its provisions in the context of the Water Framework Directive (WFD, EC 2000); it will
also be necessary to consider other instruments that may work with these, especially the
Habitats Directive (EC 1992).
The WFD is concerned with ecosystem protection, but its focus is on surface water
ecosystems. There is no provision yet in the EU for the protection of groundwater ecosystems,
though such does exist in some jurisdictions and will be returned to at the end of this section.
Nonetheless the WFD makes some mention of the importance of protecting terrestrial as well
as aquatic ecosystems in both the Preamble and Art 1; Art.1 specifies the water needs and
water dependency of terrestrial ecosystems. Art.2 defines availability of the groundwater
resource as including the need to avoid significant damage to associated terrestrial
ecosystems, and that (water) pollution can include impacts on terrestrial ecosystems
dependent on aquatic (surface water) ecosystems. Thus we see that the WFD makes some
mention of the importance of terrestrial ecosystems, but these are not necessarily in a
groundwater context, but may instead be relevant to the management of surface waters.
The only other provisions for terrestrial ecosystems made in the WFD are in the Annexes, and
here the provision is specific to groundwater. Annex II, on characterisation, requires the
identification of groundwater bodies with directly dependent terrestrial ecosystems; if the
groundwater body is at risk, the further characterisation should make an inventory of
“associated” terrestrial ecosystems with which the groundwater body is “dynamically linked”.
“Associated” might be presumed to be a wider term than “directly dependent” as the two
terms are used in succeeding paragraphs in the same section of the same annex, yet it is hard
to see exactly how the difference would manifest in the characterisation report. Also in
Annex II, where lower (quantity) objectives are set under Art.4 for groundwater bodies, the
effects on associated terrestrial ecosystems must also be identified. Annex V requires that for
each of quantitative and chemical groundwater status to be good, it is necessary to avoid
significant damage to directly dependent terrestrial ecosystems.
Before leaving the WFD, we might also wish to recall that “wetlands”, as one form of
terrestrial ecosystem dependent on water and often, dependent on groundwater, are
mentioned rarely; only that they require protection, in the Preamble and Art.1, and that the
restoration of wetlands could be a supplementary measure under Annex VI. In both the WFD
and the GWD the terminology can be confusing; if, say, wetlands were given as an example of
a water-dependent terrestrial ecosystem, perhaps in the context of defining the same, that
would be clear; but to make occasional separate mention is much less helpful.

10

The GWD was made as required under Art.17 of the WFD, to make specific provision for
quality standards (at EU level) and “threshold values” (set by member states). The former
apply only to nitrates and pesticides; the latter to any substances potentially causing harm to
groundwater at national (or river basin) level. Although Art.17 is concerned with pollution,
and hence so is the GWD, quantity and quality are linked and the management of
groundwater quantity cannot therefore be dissociated from measures to address quality. As
the focus is now on groundwater, there is now specific consideration of GDEs.
The GWD notes the need to protect GDEs along with drinking water sources in its Preamble;
hence this is part of the purpose of the Directive as a whole. Still in the Preamble, it notes
the potential impact of upwards trends in pollutants on associated aquatic ecosystems and
dependent terrestrial ecosystems. Art.3 then requires the national threshold values to be
developed with “particular regard” for associated surface waters, directly dependent
terrestrial ecosystems and wetlands. By Art.4, if a body of groundwater is of good quality
despite exceeding either a quality standard or a threshold value, states must take measures
to protect terrestrial as well as aquatic ecosystems. By Art.5, reversal of upward trends is
required if there is significant risk of harm to terrestrial as well as aquatic ecosystems. In
Annex I, the EU-wide quality standards for nitrates and pesticides should be tightened at
national level if the quality standards could lead to significant damage to dependent
terrestrial ecosystems. Annex II requires the interaction between groundwater and associated
terrestrial, as well as aquatic, ecosystems to be considered when establishing threshold
values, and to note directly dependent terrestrial ecosystems when reporting on bodies of
groundwater at risk under the RBMPs. Finally, in Annex III, the likely transfer of pollutants to
directly dependent terrestrial ecosystems is part of the assessment of chemical status.
Thus the GWD still focuses on the groundwater itself and its associated surface waters, but
goes much further in identifying the situations where states must also consider the impacts on
dependent terrestrial ecosystems. In terms of language and usage, GDEs then can include
both surface water and terrestrial ecosystems if these depend on groundwater; the latter may
again be described as either “associated” or directly dependent” so again we assume that is
intentional and “associated” is a broader term. The GWD mentions “wetlands” only once, in
Art.3 and again it is not clear why the specification is made at this point.
It is notable that the GWD also calls for research into criteria to achieve protection and
improvement of groundwater ecosystem quality. This is not something proved for directly in
the EU at present, but it does exist in some countries; this will be considered at the end of
this section.
It would be wrong to assume that the only provision for the protection of GDEs in EU law
comes within these two directives. Several other Directives are noted as working in tandem
with the WFD, especially, in Annex VI for the programmes of measures and in Annex IV for the
protected areas. These may directly or indirectly assist with such protection and include the
Drinking Water Quality Directive (DWQ, EC 1998), the Nitrates Directive (EC 1991), and the
Birds and Habitats Directives (EC 1979, EC 1992). Under the WFD, relating to all of these,
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“protected areas” must be mapped under the RBMPs. Art.7, on drinking water, permits but
does not mandate “safeguard zones”; these are not required by the DWQ either, hence these
are left to national law. The WHO Guidelines on drinking water quality, with which the DWQ
is intended to comply, suggests that states should undertake water safety planning which is
likely to include some catchment-based measures and zoning around abstraction points (WHO
2008). The Nitrates Directive, as well as setting the 50mg/l limit for waterbodies that is now
reflected in the EU quality standard for groundwater, requires states to set up Nitrate
Vulnerable Zones which are then also protected areas, and to manage the application of
fertilisers in these zones. As noted below (section 5) new rules on the use of pesticides, not
yet in force, will mandate the use of buffer zones, which will protect surface waters, and
groundwater indirectly along with other use restraints on pesticides which will also benefit
groundwater quality. However these rules, like the Nirtrates Directive, may be difficult to
implement uniformly and enforce.
The Birds and Habitats Directives may protect GDEs directly, as well as indirectly. Taken
together, these establish a network of sites (Natura 2000, N2000, including Special Protection
Areas under the Birds Directive and Special Areas of Conservation under the Habitats
Directive) which should in turn protect a wide variety of listed species. As in other aspects of
EU environmental law, these also give effect to related international agreements, the Ramsar
Convention (Ramsar 1971), the Convention on Biodiversity (UNEP 1992) and the Bern
Convention (CoE 1979). Ramsar protects a network of wetlands to safeguard the migrating
birds that use them; most Ramsar sites in the EU will also be designated as N2000 sites. The
CBD was signed at Rio in 1992, placing it firmly in the context of the emerging principle of
sustainable development. The CBD is wider and addresses many different habitats and
species; the progression in conservation theory and practice from species protection to
habitats protection is reflected in the development of the EU legislation. Wetlands, and other
GDEs, may be designated for protection at international or EU level; in EU member states, it
is likely that an EU designation will bring the strongest protection due to better enforcement
mechanisms in EU law. If designated only in national law, the protection afforded may be
limited, and there may be many GDEs which will not be designated under any of these
systems; in such cases, the WFD with the GWD may be the only protection.
To close, although the EU does not yet directly protect the ecology within aquifers, there are
states where the legislation already provides some such protection, principally in karstic
systems where larger life forms may be found. In Western Australia, for example, before an
abstraction licence is granted, a test bore must be sunk to identify the species present and
determine whether any special measures should be put in place. To achieve this, an
Environmental Impact Assessment must be carried out (EPA 2003).
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2.3 Practice elsewhere and GDE protection
Until recently groundwater has been regarded as a resource that should be protected in order
to sustain human needs. The important role of groundwater as a resource for maintaining the
life and health of groundwater dependent ecosystems was neglected. Recent research has
shown that also groundwater should be regarded as an ecosystem, for which further research
is needed (Danielopol et al. 2003; Hose 2005; Hinsby et al. 2008). Boulton (2005) indicated
the fact that most of protection measures are taken regarding surface waters whereas
groundwaters are usually disregarded for various reasons such as difficulties in studying
groundwaters, slow recognition of linkages between groundwaters and GDEs, the lack of
public visibility of those resources and the long time that usually elapses before impacts on
groundwaters become evident in GDEs.
In United States GDEs are partially protected through federal and state laws and policies.
According to Aldous and Bach (2011), the Clean Water Act (CWA) provides protection which,
however, is mainly focused on GDEs which are connected to surface waters. Additionally, the
quality control that CWA requires is generally implemented to surface waters, thus
ecosystems that rely on groundwaters remain without protection. The Safe Drinking Water Act
provides protection which is nevertheless limited to those GDEs which are somehow
connected to drinking water sources. Aldous and Bach (2011) showed that only 18% of the
GDEs are connected to drinking water systems and are protected by the Safe Drinking Water
Act. The Endangered Species Act provides also a means of protection for those GDEs which
are habitat for protected species. As state laws regulate water quantity aspects, several
states have activated laws that protect groundwater in order to sustain river and stream flows
and only a few have taken initiatives to protect GDEs such as springs or wetlands.
Regarding Canada, Neufeld (2000) pointed out the fragmentation of water management
responsibilities due to constitutional sharing of those responsibilities between federal and
provincial governments. Federal government is responsible for most major water use issues as
well as for more specific areas such as fisheries and regulation of toxic contaminants that may
affect groundwater. Federal government also promotes research and assists in resolving
disputes on transboundary waters or multiple jurisdictions. Provincial governments are
responsible for supervising human activities that affect water quality and quantity within
provincial borders. However, decision makers often disregard the role of groundwater in
sustaining various ecosystems via baseflow or other discharges. Neufeld (2000) presented the
ecosystem approach in groundwater management, using as a case study Waterloo Region's
(Ontario, Canada) groundwater strategy and mentioned the ecosystem approach can ensure
the protection of groundwater dependent ecosystems and at the same time provide
sustainable human uses and benefits over the long term.
The European Union provides a more holistic approach in the protection of GDEs through the
implementation of the WFD and the GWD which require specific environmental objectives for
aquatic and terrestrial ecosystems. However, the importance of subterranean ecosystems is
neglected as no ecological criteria are set for those ecosystems (Aldous and Bach, 2011;
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Danielopol, 2007). In fact, the implementation of the European legislation for water
protection is achieved through the river basin management plans which focus on ecosystems
connected to major rivers. Thus, it seems that the same gap as in the case of U.S. CWA is
observed in the protection of GDE in European Union. According to Danielopol et al. (2007),
the main gap in the EU GWD is the lack of integration of groundwater ecology, which has
demonstrated great progress in the last decade and produced valuable new scientific
evidence, as a useful complement to groundwater science.
Until 1970s the water management in Australia was mainly oriented on human needs and
consumption. The adverse effects of this unbalanced exploitation of water resources also had
adverse effects on GDEs vegetation such as tree decline and mortality observed throughout
Australia (Clifton and Evans, 2001; Eamus and Froend, 2006) The National Principles for the
Provision of Water for Ecosystems (ARMCANZ/ANZECC 1996) produced by the Agriculture and
Resource Management Council of Australia and New Zealand (ARMCANZ) and the Australia and
New Zealand Environment and Conservation Council (ANZECC) introduced the consideration of
ecological water requirements (EWR) as a factor in the decision making process regarding
water allocation in Australia. The Australian National Water Initiative Agreement, developed
in 2006, adopted the idea of EWRs and is considered a balanced approach between human
needs for water consumption and ecosystem protection, whereas the Water Act of 2007
developed a management plan for one of the most important basins in Australia, the Murray –
Darling Basin, which has suffered all consequences of draught, increased soil salinity and
ecosystems decline. This plan introduced the provision of environmental water to sustain
ecosystems functions, mainly as baseflow for streams. Moreover, it proposed great reductions
in water abstractions. Besides however, the progressive steps towards GDEs protection,
Tomlinson and Boulton (2010) point out the fact that similar to European water legislation,
Australian laws in most states? (WA does do this) also neglect the subterranean ecosystems,
even though research provided the necessary information for the subterranean ecology.
According to Aldous and Bach (2011), perhaps the most progressive water legislation is the
one adopted by South Africa, i.e., the Water Act of 1998, which guarantees water reserves to
maintain basic human activities and sustain the health of aquatic ecosystems (however to our
knowledge the role of subterranean water is not clearly included). Those water reserves have
the absolute priority over all other water uses, which are then allocated based on water
availability. Seward (2010) describes the procedure for water allocations to ecosystems,
which is based on their characterization and their prioritization related to their risk, whereas
quality and quantity thresholds are then developed to maintain ecosystem functions.
From the above information it is clear that worldwide both federal and local governments
have only recently appreciated the role of GDEs and incorporated their protection in their
water legislation. Some countries, e.g. South Africa, seem to have taken more courageous
steps towards protection of GDEs. Still, however, gaps exist in the legislation all over the
world which are mainly focused on the emphasis provided on ecosystems which are connected
to stream flows, neglecting the important role of springs, lakes and wetlands. Additionally,
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even though the role of microorganisms living in subterranean ecosystems is clarified to a
great extent, their protection is not guaranteed by the existing legislation.

3. Scientific base for decision making: how to evaluate drivers,
pressures and impacts
Before damage or risks on GDEs can be evaluated a conceptual model is needed on the GDE
including hydrology, ecology and an analysis of external pressures. Changes in GDE can be
caused by changes in groundwater, surface water, sea water, as GDEs are often connected to
several water sources. For systems only connected to groundwater, such as springs, change in
groundwater is the only source of disturbance. For management, it is important to recognize
that some pollutants are transported in groundwater whereas others are transported in
surface waters. Typically some anions are easily transported in groundwater (NO3-, Cr6- etc).
Pollution of groundwater by nitrate is a common feature for groundwater and concentrations
can be more that 100 mg/l due to agriculture or leaking sewer networks. Pollution by
phosphorous fertilization on arable land is mainly linked to surface water as phosphorous in
enriched in the surface soil and easily sorb to soil particles. Therefore, phosphorous is thus
not usually a concern in groundwater. The exception is phosphorous rich soil where the
natural background value of phosphorous is high and this is a source of eutrophication in GDE.
In order to assess impacts in GDE from groundwater changes (pressures), it is relevant to look
at changes caused by pollution and water flow. Water flow patterns are changed due to
decrease or increase recharge and groundwater discharge as well as groundwater extraction.

3.1

Introduction to the DPSIR framework

The DPSIR (Fig. 1) framework has been suggested to be used a tool in impact assessment. It
can be used as a reporting or as an analytical framework to assess environmental impacts on
GDEs. It is a relevant tool for structuring communication between scientists and end-users,
but it may be inappropriate as an analytical tool (Maxim et al., 2009; Potschin, 2009). Its use
leads to a mechanistic oversimplification, with parameters being difficult to handle as they
are at the same time both the response and the driving force (Ness et al., 2010); therefore it
appears as a deterministic and linear description of environmental issues that do not capture
the complexity of the interdependencies in the real world (Maxim et al., 2009). DPSIR does
not allow the conceptualizing of feedback loops and relationships among parameters of the
same category (D, P, S, I, R), because the only feedback relations considered are the
feedback effects of responses (Benini et al., 2010). It concerns only anthropogenic activities
and does not model efficiently land use, climate changes (Potschin, 2009) or natural
processes, it promotes reactive rather than anticipatory thinking (Berger and Hodge, 1998;
Potschin, 2009) and reproduces and perpetuates existing knowledge (Carr et al., 2007). A key
aspect of the DPSIR model is the formulation of the indicators that can reflect the causal
relationships between human activities, environmental consequences and responses to
environmental changes. Because of the multidisciplinary need and the widening of scientific
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knowledge, several authors have suggested improvement of the DPSIR framework (Bouma and
Droogers, 2007; Maxim et al., 2009; Ness et al., 2010; Rounsevell et al., 2010; Wolfslehner
and Vacik, 2010). GDEs often lack a conceptual model, but the DPSIR framework is only
partially useful. ??

Fig 1. DPSIR framework.

3.2 Quantification of changes in groundwater and GDEs
Changes in recharge influence the groundwater system by changing water tables, discharge
patterns, and pressure. For example afforestation or clear cutting will decrease transpiration
resulting in more recharge. Urbanization can have a similar effect as this normally include
removal of vegetation and rapid infiltration of excess rainfall. On the other hand, the
conveyance of urban storm flow out of the catchment will reduce recharge. Climate change
can influence recharge if the net change or temporal distribution of transpiration or
precipitation is changed. Increased groundwater discharge can occur after land drainage,
mining or tunnel construction which can reduce groundwater levels. Groundwater extraction
will usually result in lowered water table depending on how much of the recharge is used. For
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changes in recharge and discharge a systematic approach could be to look at activities in the
discharge and recharge zone and evaluate their potential impacts as shown in Fig. 2.

Fig. 2 An assessment of GDE impacts should include an analysis of pressures in the
groundwater recharge and discharge areas and potential links to impacts in
recharge/discharge are GDEs.

3.3 Example of GDE vulnerability and potential impacts
The impacts of land-use and groundwater extraction on GDEs depend on all pressures,
hydrogeology and climate. Potential impacts on some two different systems are discussed
below: Rokua shallow quaternary sand deposit (Finland) and Bogucice aquifer (Poland)
consisting of tertiary sands and sandstones confined by clays and claystones.
In the Rokua unconfined sand aquifer (esker Fig. 3), the water level in groundwater
dependent lakes have decreased and this is a main concern locally. Analyzing land-use and
water use pressure show the following: I) pressure in the recharge area can be caused by
climate variation and climate change, and reduced recharge or changed infiltration patterns
can influence lake levels; II) drainage is the main pressure in the discharge zone which can
reduce groundwater flow resistance in the peatland boundary resulting in lowered lake water
level. Thus the changes in the lakes are vulnerable to changes in the climate and recharge
and land use changes in the discharge zone. The separation of these pressures requires a
numerical mathematical model that is able to simulate temporal variations in climate and
impacts of land use (drainage).
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Fig. 3 Cross-section of Rokua esker with location of groundwater table, potentiometric
surfaces and indication of water level variation and flow patterns in ecosystems (arrows).
At the Bogucice aquifer (Fig. 4), Niepołomice Forest Natura 2000 site forms a potentially
vulnerable GDE. Groundwater levels in the Niepołomice Forest may be affected by
exploitation of the tertiary aquifer. The extent of hydrological connection between that
aquifer and the shallow groundwater in the Quaternary deposits is unknown. The groundwater
may have been affected also by former drainage activities and forest management (Lipka et
al., 2006).

3.4 Measurement of changes in GDEs: how can risk be assessed?
Changes in GDEs and future risks related to external pressures are sometimes difficult to
measure, but can be measured and quantified by some methods. Quantitative and qualitative
changes can be directly monitored in GDEs by traditional methods in hydrology, water quality
surveys and changes in plant composition and indicator fauna. In many cases environmental
tracers can be useful to obtain pathways of water flow and provide a better conceptual model
that is a starting point to understand the hydrology in GDE and assess vulnerability to changes
in hydrology. Mathematical modelling is a powerful tool to asses GDEs. These models range
from simple conceptual lumped models to more complex numerical models such as
HydroGeosPhere and FEFLOW. For policy and management, simple and affordable monitoring
approaches are typically used. This could be based on indicators that are easily determined
such as “amount of water extracted”/ “annual recharge” as listed in Table 1. Conceptual
models could further be used to describe the main aquifer flow pathways from recharge to
discharge and the flow to and from GDE. Conceptual models could also include a model for
main pressures and risks as well as the valuable ecosystem sites and socio-economic services
linked to groundwater and GDE.

18

Fig. 4 A Hydrogeological map of Bogucice aquifer. The groundwater dependent forest
ecosystem (Niepolomice Forest) is marked in red. B Cross-section of the aquifer (line A-B)
with the position of wellfields Szarów and Wola Batorska. General direction of groundwater
flow is from the recharge are in the south to the Vistula rive in the north.
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Table 1 List of sustainable groundwater use indicators from GDE point of view. The
importance of the indicator as “risk indicator” is here assessed based on our best knowledge.
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4. Conceptual models for GDE protection
4.1 Vulnerability of GDE
Groundwater provides GDEs with water and nutrients and maintains steady conditions with
regard to temperature, oxygen, pH and water quality. In some GDEs these conditions are
stable, such as in springs connected to large aquifers. GDEs are vulnerable to changes in
water flow, nutrients and external pollution. Loss of water is one of the main risks as the
ecosystem can be entirely destroyed. Pollution can change the biodiversity and result in
considerable damage too. Typically compounds transported in groundwater pose a threat to
GDE. Typically limit values for pollutants can be set based on:
• Defined changes in flora and fauna community due to eutrophication
• Defined toxic impacts to species survival or reproduction
• Defined by detection limit of commonly used analytical procedures
• Defined based on standards such as drinking water standard
• Defined for political or social reasons (e.g. no pollution allowed)
• Defined by a precautionary principle (e.g. no pollution allowed as consequences are not
know)
• Defined based on what is economically accepted (cost-benefit analysis)
In the EU groundwater directive, limits are set for pesticides and nitrate. The pesticide limit
is not based on toxicity, but is precautionary based The nitrate limit (50 mg/l) is high
compared to concentrations typically found in ecosystems. It could be argued that the limits
are set for economic reasons (as lower limit would mean a drastic loss to farmer income and
have considerable economic impacts). Excess nutrients can cause eutrophication. It is not
well know how GDEs are nitrogen limited, as most inland water systems are limited by
phosphorus. Typically the N concentrations of surface water are far below 50 mg/l and it is
likely that this value can cause harm in ecosystems that are N limited. This is probably most
likely for marine and terrestrial ecosystems such as wetlands and peatlands. The limitation of
marine systems to N is well known. Numerous nutrient addition experiments and
observational studies have shown that N is the key limiting element that determines the
productivity, diversity, dynamics and species composition of terrestrial ecosystems (Smith et
al. 1999). As many systems are also ?P limited, this is a concern if a pollution pathway exist
e.g. from sewer pipelines to the groundwater system. Also in fractured systems the transit
times can be short and P pollution can be a risk. However, wehaher the source is from
groundwater flow is questionable. An extensive study from the UK and Ireland (Holman et al.
2010) show elevated P concentrations in some observations wells. However, the natural P
source from soils and rock weathering can be a natural explanation for this contamination. In
Finland, this is clearly also seen in some GDEs as the rock is in some regions is rich in P (P is
mined in Finland). Considering that nitrate concentrations in groundwater are in many
aquifers higher than 50 mg/l and sometimes even 200 mg/l, we conclude that nitrate is a
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main pollution threat to GDEs and in particular terrestrial and costal GDEs. The set limits for
toxic compounds are normally low as they are set on human exposure.
It is also likely that pristine environments are sensitive to absolute changes nutrients than
already contaminated sites. Small concentrations in nutrients can result in considerable
impacts. Therefore absolute pollution thresholds that cause significant change in GDEs can
perhaps not always be set. An option is to set pollution threshold values based on the current
state of the ecosystem. In some cases this could mean that headwater systems have a lower
threshold than a more low-lying system that normally receives more pollution.

Changes in water flow to GDE can have serious effects on flora and fauna. These changes can
be more severe than those caused by excess nutrients. These effects are direct or indirect:
• Direct changes: loss of water, pressure, nutrient input, cooling, warming
• Indirect changes: desiccation and nutrient release due to increased decomposition, plant
composition changes (succession), loss of breeding grounds etc.
As GDEs are adapted to waterlogged conditions and the groundwater source, the loss of water
will have drastic effects. Damages in wetlands and springs have been noted after tunnel
drainage (Norway, Italy) and land drainage (Chui et al. 2011). It is well known that water
table drawdown in peatlands result in forest growth if the peat has sufficient amount of
nutrients. Also by rewetting and resoring damagfed sites, peat forming vegetation returna,
showing the importance of water table control. In peat also the water table control the
nutrient release and gas emission (e.g. CO2, N20 and CH4). In lakes, groundwater table
drawdown changes the water depth and shoreline which can increase vegetation growth in
the littoral zone (as perhaps in Rokua). Also changes in river regimes can influence stream
groundwater interaction and the GDE (Loheide and Boot 2011). Increase of sea levels can have
severe effects in coastal ecosystems, especially in dry regions where groundwaters are
overexploited and reduced flow to the ecosystems occurs.
The risk and influence of groundwater table drawdown on GDE is not well known but likely to
depend on hydrogeology, where the soil properties in wetlands and amount of loss of
groundwater compared to input can be important. For example if the GDE lies on clay soils
the loss of groundwater below the clay will result in little damage compared if the subsoil is
gravel or fractured rock (Norway). If the portion of flow lost is small the impact is probably
small too.
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Table 2 Assessment of known and potential risk factors for GDE and their potential impact.
Risk to GDEs

Known potential
negative effect in the
environment
Eutrophication of
surface water if P
addition in access

Consequence

Risk areas and
ecosystems

Loss of biodiversity

Nitrogen

Eutrophication of
surface water and sea
water if in access

Loss of biodiversity

Water loss by
groundwater extraction

Reduced water level

Change in flora and
fauna as water flow
reduces or disappears
during droughts

Water regulation and
water level regime
changes

Changes in light
penetration (light that
react the stream bed),
temperature hyporeich
zone interaction
changes, changes on
flood plain vegetation
Flow patterns change
and GDEs receive less
water

Changes in biodiversity,
fauna feeding on
biofilms, changes in
hydraulic contact in
stream bed, flood plain
interaction (a source of
food, reproduction site)
Decrease in water table

Ecosystems that receive
surface water from
agricultural sources and
domestic wastewater
Ecosystems that receive
surface water or
groundwater from
agricultural sources,
domestic wastewater,
and airborne pollution
Headwater ecosystems
with small capture
zones, costal systems
with high groundwater
use in dry climate
River systems and lakes
with hydropower or
flood protection

Change in species
composition,
eutrophication, decay
of organic matter and
reduce in oxygen and
redox
Flow patterns change
and GDEs receive less
water

Change in biodiversity,
lack of oxygen

Phosphorous

Change in groundwater
pressure and flow
resistance changes

Increased temperature

Climate variability and
change

Water level changes,
especially during
droughts

Headwater systems
with stable
groundwater table and
ecosystems in discharge
areas with poor natural
drainage
GDEs with little flow of
groundwater, areas
showing a considerable
warming by climate
change
Headwater systems and
coastal systems
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4.2 Conceptual models for GDE
4.2.1 General issues
In developing a CM for a GDE we first have to identify its extent and then to observe
and understand the basic GDE characteristics in terms of quantity (i.e. flow variability
in time and space) and quality of groundwater (in particular if it is influenced by
processes different from flow components). In general, GDEs are sub-elements of a
surrounding aquifer; thus, principal features of aquifer CMs apply also to GDE CMs like
the iterative component of CM development (compare D5.2) or the assistance in
assessing the current or future GDE status. This implies that the CM of a GDE can only
be as good as that of the surrounding aquifer.
Principally, GDEs can develop as sinks (the more general case) and sources of
groundwater. A GDE can be a terrestrial ecosystem (wetland) that is directly
dependent on groundwater or it can also be part of a hydromorphological quality
element of a surface water body. The situation of an aquifer recharging river reaches
is a special case since groundwater is part of the local GDE (in terms of special flora
and fauna due to different temperature, nutrients and minerals composition) but the
overall surface water status also depends on the upstream surface water conditions.
The patterns of hydraulic connectedness between groundwater and surface water
need to be adequately included into the GDE CM.
A novel feature in developing a GDE CM is the fact that we have to classify the
relevant flora and fauna within the GDE and to understand and to describe their
needs in terms of groundwater quantity and quality. For example, to quantify the
dependency of GDEs on groundwater, characteristic numbers like minimum/maximum
groundwater level, inflow, temperature or concentration of substances in
groundwater can be defined. Critical (i.e. more vulnerable) species and habitats can
be recognized and treated with special attention. However, the entire set of
conditions, relations and consequences is very complex and more interrelated than it
might appear on the first glance. The same conditions might lead to different damage
for the same species at different times. It will be different if the same mass of
substance enters the GDE as a pulse or over a longer period and along with what
quantity of water. Depending on the GDE preconditions, species might react
differently to the exact same circumstances. The situation becomes even worse if
physio-chemical or hydromorphological processes that lead to pressures are not fully
understood.
Thus, to understand impacts to GDEs (most probably related to pressures resulting
from anthropogenic alterations) and to assess what causes them, is a multifaceted
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task and involves assessing the GDEs’ vulnerability. Moreover, often pressures from
substances on the groundwater body do not have a clear cause-impact relationship
which typically relates to the unknown or diffuse input situation (in time and space)
and/or the time shift after which substances reach the groundwater.
Hence, it is not straightforward to quantify (multiple) thresholds and to combine
them (e.g. a table of tolerable alteration of groundwater conditions defined
specifically for each relevant GDE species or habitat), when a GDE will be significantly
damaged, even more if some GDE species have the ability to recover. Furthermore,
the situation leads to respective requirements for characterization and monitoring of
the GDE. Since it is likely, that a combination of incidences and their likelihood has to
be evaluated to quantify pressures on GDEs, a probabilistic description of measures to
protect them might be necessary.

4.2.2 Specific variables in GDE conceptual model development
The following parameters, which can be derived from data analysis, water balance or
numerical models, are needed to describe GDE functions and to reveal impacts on
GDEs. It will be an individual assessment how much information is needed to
represent the relevant processes.
I)
II)

III)

IV)

V)
VI)

water fluxes to and from the GDE
 groundwater flow mechanism in the aquifer (e.g. matrix, fracture, dual
porosity dominated)
size of the GDE capture zone (spatial and temporal extent and variability)
 residence time distribution of water delivered to the GDE from the
aquifer
 origin and composition of water
characteristics of unsaturated zone
 presence, nature and thickness of soils, including attenuating properties
 depth to groundwater table, recharge situation
 if applicable, snow depth and water equivalent, snow melt rate, and
frost depth
flow patterns in the GDE
 water level variation in the GDE, (amplitudes, drought and flooding
periods)
 periodic or permanent groundwater supply
identification of relevant fauna and flora of GDEs
 individual compilation
water pressure in GDE soil and adjacent aquifer
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vulnerability evaluation of the groundwater body to pollution from the
observed pressures (type, intensity)

In addition to the above parameters describing “classical” aquifer features the
subsequent are of high importance for GDEs:
VII)

VIII)

IX)

temperature in the GDE
 might be different between aquifer and the nearby surface waters
 use of air temperature alone to predict changes GDEs is not sufficient
 numerical models must include heat transport
nutrients mass fluxes
 provides the basis for biological processes (e.g. growth algae)
 might induce feedback on hydraulic and chemical process (e.g. flow
resistance produced by biofilms)
hydromorphological processes in connected streams, if applicable
 existing fauna and flora in surface water reaches where groundwater
infiltrates or exfiltrates are accustomed to local erosion and
sedimentation processes and fluctuating surface water levels.

4.2.3 Integrated conceptual models in GDE
The conceptual model should be a simplified version of the reality. It should include
hydrology, ecology and main pressures and risk. The focus could be on development of
conceptual models for nationally important sites. Important sites are those having high
protective status (e.g. Natura 2000), high economic value or other important ecosystem
values (recreation, culture etc). For a natural system, the order of making these models
should be from hydrological, to geochemical and then to ecological conceptual models as
hydrology influence geochemistry and both influence ecology. These models have therefore
increasing complexity.
• A hydrogeological conceptual model would include I) water fluxes to and from the system,
II) fluxes within the system, III) pressures in nearby aquifers and in the GDE system. The
hydraulic link between the aquifer and the GDE should be in focus. It is also important to
include the hydrology at the recharge area and the discharge areas that influence the GDEs.
Shallow and long flow paths should be distinguished as these flow paths deliver water of
different composition and quality. Potential feed-back by biological processes needs also to
be considered (e.g. bioclogging by biofilms on river beds).
• Geochemical conceptual models should include main typical concentrations found in shallow
and deep groundwater and within the GDE. A cross-section showing geological layers with
typical concentrations and flow lines is necessary to show the potential interaction and the
portion of nutrient fluxes from groundwater.
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• Ecological conceptual models should include the most important processes related to
hydrology and geochemistry. The model should include the most relevant flora and fauna and
how they rely on the environmental factors such as temperature, pH and nutrients provided
by groundwater. This could be included by a table showing most important species and their
preferred environmental habitat conditions as a range or box plot.
• Impact-response ecosystem service models are useful to show potential known or predicted
changes. These can be scenarios based on no-change, positive change or negative change. In
change assessment the natural variability must be considered due to climate variability,
changes in dry and wet deposition patterns, and species (invasive, diseases etc.) that are not
due to changes in the groundwater system itself. The main changes and pressures must be
included such as land-use, industry, mining, urbanization etc. The main source of water losses
such as irrigation and potable water extraction must be shown. The potential water table
drawdown must be shown in comparison to the original water level. Also the direction of flow
before and after the pressure should be indicated. Impacts on the ecosystem services,
ecology and humans must be part of such models.
• Hot-spots. In GDEs with groundwater input, the areas where groundwater flow into the
system can be located spatially in a complex manner. This creates special environmental
conditions within a more uniform environment that can be referred to as “hot-spots”. The
term “hot-spots” has recently been used in peatland literature to show e.g. sources gas
emission (Morris et al. 2011).

5. Pollution mitigation methods and buffer zones
A common method to prevent water loss and/or contamination of GDEs is either to change
land-use practice or to provide technical methods to reduce pollution close to a vulnerable
site or before the pollution enters the aquatic environment. Buffer zones are typically used to
prevent pollution from agricultural areas. Also constructed wetlands are used in many cases
and their function resembles buffer zones.
Buffer strips (BSs), Buffer zones (BZs), or Vegetative filter strips (VFSs) are strips interposed
between fields and water bodies that separate the cropped area from the fresh waters and
intercept the waters leaving cropland. They are tools for reducing agricultural diffuse
pollution and if properly vegetated and managed, they can also produce wood for burning,
act as sinks for atmospheric CO2 and enhance the landscape beauty. (Borin et al., 2010).
Vegetative Filter Strips have recently gained a prominent position within various policy
instruments because of this multi-functionality.
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5.1 Buffer zones as control methods in EU pollution control
At the EU level, when considering environmental risk prevention and mitigation, there are
three main policies that include vegetative field strips as a tool for risks reduction or
ecosystems improvement. The three policy areas refer to:
• Protection of water from pollution with nitrates;
• Sustainable use of pesticides;
• Common Agricultural Policy (CAP).
Council Directive 91/676/EEC of December, 12th 1991 - concerning the protection of waters
against pollution caused by nitrates from agricultural sources - requests Member states to
designate vulnerable areas from the point of view of nitrates pollution and to establish
national action plans to manage this risk. Within such action plans they are required to
establish recommendations of good agricultural practice in order to reduce the impact of
nitrates. In many Member states the good agricultural practice guidelines include references
to establishing vegetative strips or buffer zones along water courses.
However, the framework of guidelines for implementation and management is not uniform, as
the decision regarding the setting of the relevant requirements for the strips was left to the
Member states. Size, position, restrictions related to the implementation and management of
the strips and other conditions are specific to each EU member state and sometimes they can
differ from a region to another one within the same state. Moreover, it’s necessary to keep in
mind that even if the requirements of this Directive are applicable to all member states, only
EU 15 member states have current obligation to perform checks within the cross-compliance
schemes for the implementation of the provisions of the Directive at a farm level.
Directive 2009/128/EC of October, 21st 2009, establishing a framework for Community action
to achieve the sustainable use of pesticides, in art 11.2.c) requires to member states to
support the use of mitigation measures which can minimize the risk of off-site pollution
caused by spray drift, drain-flow and run-off. These measures shall include the
“establishment of appropriately-sized buffer zones for the protection of non-target aquatic
organisms and safeguard zones for surface and groundwater used for the abstraction of
drinking water, where pesticides must not be used or stored”.
The Directive has been approved in 2009, but member states had to transpose it into national
legislation by the end of 2011 and they will be expected to draft National Action Plans to
reach the objectives set by the Directive by the end of 2012. Hence the implementation into
practice of this requirement is rather low across the EU, and it is effectively underway mainly
in the member states which had already action plans for the use of pesticides, like Belgium,
Denmark or France.
In the framework of the CAP, when granting direct payments to farmers, Member states need
to check the compliance of the farm with the statutory standards (Annex III of Regulation
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73/2009), which include the protection of the water from nitrates, as described before. As
already mentioned, this is currently required only in the EU 15 member states. Additionally,
when judging if a farmer has complied with maintaining land in “Good Agricultural and
Environmental Conditions”, there is a requirement to preserve landscape features which
include eventual field margins. However, there is no EU evaluation of the size and scale of
such field margins, considering neither their structure, position or function.
The draft legislation for the future CAP includes a provision requiring farmers to devote 7% of
their land to ecological focus areas with the purpose of enhancing the provision of ecosystem
services with a focus on biodiversity. Such areas could include the establishment of
vegetative field strips or field margins. The decision on this legislation will be taken during
2012-2013 and it will be enforced starting with 2014. Due to the agricultural and
environmental policies currently under implementation in Europe buffer zones will can be
extensively adopted in the different Member states if this legislation is enforced in Member
States. The green economy and the greening of the supply chain with the efforts to reduce
non-point source pollution will be another reason for a rapid application of this ecological
infrastructure at farm and basin level.
In, Italy, buffer strips have been introduced by the Ministerial Decree of December, 22nd
2011, amending the DM 30125 (22.12.2009) on the management requirements for the access
to the rural development programme funds. Those buffer strips are defined according the
Annex III of the Council Regulation (EC) 73/2009 for protecting water.
The standard 5.2 states that 5 m buffer strips have to be created along the rivers, the
streams and the ditches. The administrative Region can regulate a reduction to:
• 3 m if the water body quality status is sufficient or good.
• 0 m if the water body quality status is high.
The 0 m along “high water quality rivers” is surprising as high quality water systems should be
protected as these systems are also easily destroyed due to e.g. eutrophication.
Fertilization and tillage are forbidden in the buffer zone. Tillage is allowed only when
necessary to maintain the effectiveness of the filter strip. In the case of orchards or vineyards
with IPM or organic management, and when the water quality status is good or high, the
restriction regarding fertilizer use is reduced from 5 to 3 m. In France, buffer strips in France
have been introduced by the lawn° 2010-788 du 12 07 2010 - art. 138, that introduces article
L211-14 into the Code de l’Environnement (Environmental Code). A native species soil cover
must be created along the lakes larger than 10 ha and along the water bodies included in a
list set by the administrative authority. The minimum width of the strip is 5 m. The
administrative authority can regulate the cover management, especially the weed control.
Fertilization in this area is forbidden.

5.1 Buffer zones functions and processes
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Buffer zones are effective tools against two processes: drift and runoff. Drift is the off target
deposition of small droplets due to wind generated during air spray pesticide application and
the deposit on water bodies decreases increasing the distance from the treated area. Runoff
is the solid and liquid transfer of substances by the water that not infiltrate into the soil close
to water body during the rain event. BZs mitigates runoff when their soil permeability is
higher than the upper soil (Muñoz-Carpena et al., 2010) allowing the solute infiltration into
the soil system. In the soil, organics substances are subject to the advection, convection,
diffusion, and transformation processes, while nitrate enters into the nitrogen circle. The
undegraded infiltrated substances can reach groundwater via leaching and can reach surface
water by lateral drainage.
Anoxic groundwater usually enters surface waters through wetland and, additionally, surface
waters may re-infiltrate into the aquifer via wetland areas. In particular these wetlands can
be seen as 'buffer zone' for contaminated groundwater and surface waters. Processes ongoing
in this area can be investigated in model wetlands (or constructed wetlands) in which the
processes are similar to that ones taking place in natural wetland area. Wetland systems can
capitalize on intrinsic physical, chemical, and biological processes for the purpose of water
quality improvement (Hammer et al., 1989). They consist of four compartments: plants,
sediment and soil, microbial biomass and an aqueous phase. The dimension of these artificial
and natural systems can range from centimetres to kilometres. The application of these
systems during domestic sewage treatment (Cooper et al., 1996; Sundaravadivel and
Vigneswaran, 2001; Griffin, 2003) and for the elimination of industrially relevant
contaminants has been widly reported (Kadlec et al., 2000; Pardue, 2002; WetPol, 2007).

Fig.1. Different functions of Vegetative filter strips
Several elimination processes are going on in the complex wetland system. Due to the oxicanoxic interface, a highly reactive zone with a sharp redox and dissolved oxygen gradient will
develop (Bezbaruah and Zhang, 2004; Wiessner et al., 2005) where both, aerobic and
anaerobic processes, may take place at the same time within very small distances. In general,
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wetlands may present a buffer zone supporting a large spectrum of biogeochemical reactions
and various environmental conditions and micro to macroscale. In riverine systems the top BZ
can be areated but the deeper sediments generally remain anoxic, a state reflected by the
presence of the reduced forms of redox sensitive species (Reddy and D´ Angelo, 1997;
Diakova et al., 2006).
Nitrate transported in groundwater is removed in wetlands mainly through the denitrification
to molecular N2 gas. The process required organic matter, sufficient temperature and pH. For
the BZ to be effective the water must flow through the system and not e.g. in subsurface
drains and directly to aquatic systems without passing though the BZ. Optimal hydrological
conditions along both the biogeochemical conditions is required for the BZ to be efficient.
Therefore the benefit of BZ is case dependent. In lowland river valleys with thick peat
deposits, the removal of nitrate from groundwater can be large and the buffers protect
surface water. Phosphorous loads are reduced due to sedimentation (overland flow) or
sorption.
For organic compounds, Kadlec (1992) listed volatilization, photochemical oxidation,
sedimentation, sorption and biological degradation as the major processes affecting the
organic compound loads in wetlands, whereas non-destructive processes such as sorption and
volatilization may only relocate the contaminant. Nevertheless volatilization can be an
important removal process for volatile hydrophobic compounds such as lower chlorinated
benzenes (MacLeod, 1999; Keefe et al., 2004), chlorinated ethenes. Additionally, processes
such as plant uptake and phytovolatilization, contaminant accumulation and metabolic
transformation are relevant for some plants and organic chemicals (Susarla et al., 2002).
Despite of the plant’s contaminant uptake by the root system and their atmosphere transfer
via respiration, reported as phytovolatilization (Hong et al., 2001; Ma and Burken, 2003)
additionally phytoaccumulation and plant metabolic transformation have to be considered as
potentially significant removal processes for organic contaminants (Susarla et al., 2002). For
example, PCBs with more than two chlorine substituents and DDT have been shown to
accumulate in rice plants, and could still be found in different plant compartments 60 days
after incubation (Chu et al., 2006a). More important, metabolic transformations of different
organic chemicals have been shown to take place in various plants (Newman and Reynolds,
2004). For example the typical constructed wetland plants Phragmites australis (common
reed) has been shown to possess enzymes degrading PCB with up to three chlorine atoms (Chu
et al., 2006a,b).
Sorption processes may have a small effect on the permanent elimination of a pollutant (e.g.
Omari et al., 2003) but a positive effect by reducing the risk of harming other connected
groundwater ecosystems. In some cases sorption can be permanent if e.g. Fe is leached form
groundwater and P retained in Fe.
Residence time in BZ is important for pollutant removal (N and organic matter removal). The
longer residence time within the sediment could support bioremediation by increasing
exposure to degrading microorganisms (Pardue, 2002). There may be anaerobic or aerobic
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degradation processes whereas anaerobic bacteria perform usually slower compared to
aerobic ones so that the path length of degradation will be important. Therefore a longer
residence time of the contaminant, also depending on the flow velocity of the groundwater
may influence the microbial elimination in terms of aerobic/anaerobic processes. Further, the
presence of redox species as electron acceptors (eg. Fe(III), nitrate, sulfate or Mn) for the
mineralization of the organic contaminants and electron donors (e.g. organic substances) for
the reduction of e.g. halogenated ethenes should be considered. Besides, some microbial
degradation pathways for chlorinated compound classes (chlorinated VOCs, PAHs, ect.) are
well known, and may include reductive dechlorination and aerobic oxidation for an effective
removal. For example, CB is preferentially degraded under aerobic conditions (Reineke and
Knackmuss, 1988) but may also be degraded via reductive dechlorination (Nowak et al., 1996;
Jackson, 1999) or mineralized by other anaerobic processes (Nijenhuis et al., 2007, Schmidt
et al. in prep). Braeckevelt et al. (2007) found evidence that reductive dechlorination of CB
or other anaerobic degradation pathways may simultaneously occur with aerobic degradation
pathways in a constructed wetland ecosystem.

GW Body

GDE
Spring
Well

Drinking Water
Protection Area (DWPA)

Criteria for
GEPA?

GE
PA

Risk Management
Area
Pollutant
Source

Fig. 5 Conceptual draft model for setting ecosystem protection areas or buffer zones for
drinking water and for ecosystems.
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6. Future recommendation on criteria to determine protection and
research needs
Groundwater dependent ecosystems are specifically mentioned in the EU Groundwater
directive. If these systems are threatened and their services changed, the Groundwater body
status will be characterized as poor. The GWD and WFD strive to improve the status of
groundwater. For this reason a system is needed where ecosystems are assessed at
groundwater body scale and also protected and restored to achieve good status.
If the analysis of a GDE reveals that it is not in good condition, measures to restore and
protect the groundwater needs of the GDE have to be designed and implemented to the
extent necessary to further avoid or remedy significant damage. This also includes hydromorphological and quality conditions of a surface water body reach that is connected to
groundwater. Target criteria for improvement of GDE conditions have to be set which can be
accomplished in biological terms (i.e. GDE feature) as well as in terms of physico-chemical or
hydro-morphological attributes related to existing pressures. In that context, sometimes a
corresponding indicator of the expected impact must be developed transforming information
into a measure of pressure. Furthermore, the definition of goals for restoration of heavily
modified surface and subsurface water bodies as part of century long intensive anthropogenic
land use is a difficult endeavor.
With respect to future scenarios, tolerable impacts to GDEs (i.e. its resilience) have to be
defined considering the ability of species to adapt to changing conditions. The impact
assessment requires an estimate of which change in the probability of occurrence of favorable
circumstances represents a threat to the ecosystem. The possible replacement of current
species by new species and their impact on the ecological balance of the system is to be
analyzed.
It is recommended that the assessment of GDEs include the following issues:
 The use of groundwater resources must be seen in a sustainability and
ecosystem service concept. This includes uses of groundwater also for ecosystems
and the link between human and ecosystems. In many cases ecosystems are
important for recreation, tourism, land property values, fisheries which directly
yield an economic input that must be compared to the input from water use to
e.g. agriculture. In areas with declining groundwater level, a thorough analysis is
needed on the resource and safe yield.
 Definition of important GDE sites. This need to be done on national or regional
level. Important sites from a biodiversity point of view are mentioned in Natura
2000, or may be designated in national law, which will not necessarily appear in
the Rive Basin Management Plan, but will be known to the authorities. Other sites
can be important e.g. for tourism and recreation. These sites are probably well
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known locally. An option is to use databases such as recreation visits or house
prizes to determine the importance of the site for e.g. tourism.
 Conceptual models should be developed as stated above in chapter 5. In order
to clarify the ecosystem services a survey could be carried out. Participatory
methods are recommended if land-use or water use changes are planned and
stakeholder acceptance is needed to accept future land use changes or plans. In
many cases also research is needed to define the conceptual model.
 Research is needed in most cases to understand the role of groundwater in
ecosystems. It is most likely that pristine systems are affected differently than
altered systems, although altered systems can also be vulnerable if the tolerance
limit is approached where damage is expected. Often headwater systems are less
affected by land-use. There is a need to study both altered systems and pristine
systems at groundwater body scale. The research would normally also mean
development of assessment methods based on research on numerical models,
indicators and tracers.
 Buffer zones should be used around vulnerable sites. Sites already polluted
should be protected but also pristine sites with high biodiversity and several
ecosystem functions needs to be protected.
 Regarding the use of numerical models to understand the functioning of GDEs
and to predict future changes it might be argued that we have a good grasp on
flow processes. However, it has to be currently questioned if we are able to
include biological and geochemical processes into these models to a satisfying
extent (given relevant processes and threats and their respective scales in time
and space) and even more feedbacks between them.
 From a legal point of view it is relevant to develop the legislation in such a way
that the potential changes that has occurred in groundwater and GDEs can be
prevented. The term “significant impact” is difficult from a legal point of view as
this impact is not always possible to measure or detect. The legislation should
focus on restricting measurable effects such as land-use activities and water use.
The sustainable use of groundwater need to be developed so that the resource is
maintained. Also systems in good status should be protected.
 For monitoring of changes in groundwater proper indicators could be used.
These could be simple indicators showing the water use and the vulnerability of
the aquifer and ecosystem. For research purposes also more complex indicators
could be tested based on novel approaches such as geochemistry, isotopes,
stygofauna or microbes.
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