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Abstract: Key aspects of policy development and implementation for the control of agricultural
land use to conserve groundwater are overviewed. This is one of today’s greatest environmental
challenges and one on which only limited progress has been made internationally. For this purpose,
the objectives of agricultural land-use control in defined areas are either to reduce diffuse pollution
of groundwater and/or to regulate excessive abstraction for crop irrigation to sustain groundwater
resources. Progress on both of these fronts has been assessed from the published work, and the
lessons learnt are summarised for global application.

Keywords: groundwater management; groundwater protection; agricultural land use; diffuse agri-
cultural pollution; groundwater over-exploitation

1. Scope of Paper

Land-use practices in aquifer recharge areas exert major influences on the quantity
and quality of groundwater recharge and can indeed be the predominant control. Thus,
agricultural land-use control is required in specifically defined areas to reduce both diffuse
pollution of groundwater and/or excessive groundwater abstraction for crop irrigation.
The institutional progress made and the impediments experienced with the implementation
of policies to achieve the required level of land-use control to conserve groundwater are
reviewed from published work (mainly from European, American and some Asian cases)
and discussed to provide insights of global application.

2. Diffuse Groundwater Pollution Control
2.1. Problem Definition

Every land-use practice has a direct ‘water resource footprint’. Their cumulative
impact can generate an unacceptable contaminant load to groundwater on a widespread
basis geographically and dominate groundwater quality. Concern over increasing ground-
water nitrate pollution from agricultural practices has been voiced on a very widespread
basis—including England [1], the USA [2], Spain [3] and China [4]. Similar concern has
been expressed with regard to pesticide pollution [5–7].

In England, intensification of rainfed cereal production on thin Chalk downland soils
in the counties of Cambridgeshire, Norfolk, Lincolnshire and East Yorkshire from the 1950s
involved the ploughing up of grassland together with large increases in application of
nitrogen fertiliser. The impact on Chalk groundwater became manifest by the mid-1970s [8],
but it took about 15 years of further research before agricultural soil scientists and their
ministry counterparts accepted the evidence, and the impacts are long-lasting and costly
to remediate. This is well illustrated by the evolution of groundwater nitrate in the East
Yorkshire Chalk over a period of more than 50 years (Figure 1), which has rainfall recharge
of 240–280 mm/a and historic soil leaching of 40–70 kgN/ha/a. Groundwater nitrate
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concentrations are still rising in some English areas (on average at 0.4 mgNO3/L/year) but
are expected to peak before 2025 [9].

Figure 1. Evolution of land-use, groundwater nitrate and management measures in the East Yorkshire
Chalk, United Kingdom. (** using (a) estimates of cropped area from 1980 as winter-wheat 45%,
winter-barley 15%, oil-seed rape 15%, spring-barley 15% and uncropped land 15%. (b) Fertiliser
N usage survey data distinguishing readily leached autumn dressings from spring dressings only
leached by very exceptional rainfall events. *** very approximate estimate of leaching following
initial ploughing-in of pasture land).

Pesticide contamination from both arable farming practices and non-agricultural
uses has also occurred, with various compounds being detected in English ground-
waters, some in excess of the stringent 0.1 µg/L level set by the EU Drinking Water
Directive [5,10,11]. Pesticides and their metabolites have also been widely observed in US
groundwaters [12–14].

Arable farming under minimal tillage in temperate climates requires large applications
of herbicides, many of which degrade very slowly in groundwater systems compared to
agricultural soils [10]. Moreover, increased use of fertilisers stimulates weed growth and
makes plants more vulnerable to pathogens, which in turn often results in additional
use of herbicides and fungicides [15]. The most common pesticide residues in English
groundwaters are atrazine and simazine and their metabolites, which have also been
heavily used in non-agricultural weed control (on roads, car parks, railways and airfields).
The process of UK National Pesticide Registration offered the possibility of prohibiting the
sale of toxic compounds, which are exceptionally mobile and persistent in groundwater, and
atrazine and simazine were banned for non-agricultural and agricultural use, respectively,
in 1993 and 2005.

The economic impact of agricultural pollution is substantial. Groundwater pollution
by nitrate and pesticides cost the English water industry more than UK£700 million between
1975 and 2005 for capital works on replacement water supplies, treatment plants and
engineering the blending high and low nitrate water. All the costs had to be borne by the
water consumer. In the Seine Basin of France, more than 80 groundwater abstraction sites
have been closed since 2007 because of high groundwater pesticide concentrations [15].

2.2. Policy Development

Pollution from a clearly defined point source can be controlled by environmental
regulation (not considered here). In contrast, diffuse pollution can only be addressed
by institutional action but requires sound agricultural and hydrogeological science as a
basis for the development and implementation of policies that constrain agriculture in
specific areas. Such policies usually involve differential land-use controls in areas defined
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by relative groundwater pollution risk and are guided by the mapping of aquifer pollution
vulnerability and/or the delineation of the capture zones of potable water-supply wells.

Aquifer pollution vulnerability represents the degree of natural protection provided
by the contaminant attenuation capacity of soil and the unsaturated zone above an aquifer.
Pollution vulnerability mapping is a technique dating back to the late 1980s and has exten-
sive published literature internationally [16–18]. The effectiveness of the physicochemical
processes involved (filtration, adsorption, biodegradation and hydrolysis) varies with soil
and rock structure, clay and organic matter content, and pH. Thicker and less permeable
unsaturated zones allow more time for attenuation processes to occur.

The capture zones of water-supply wells are usually defined by numerical modelling
of groundwater flow systems [19]. However, the need to convert modelled zones into
on-the-ground field and farm boundaries (which may be disputed) means their effective
translation into areas of diffuse pollution control has often proved difficult in practice.

Having identified the target land areas, the next step of policy development involves
defining the required level of land-use intervention. Measures can include:

• Influencing the choice of crop type and cropping regime;
• Reducing or eliminating the use of agrochemicals (fertilisers and/or pesticides) or

controlling the timing of their use;
• Generally moving to less intensive agricultural production or non-agricultural land uses.

The resulting measures can either be applied in a moderate way to the entire vulnera-
ble area or more strongly in the restricted area of the water-supply capture zone. In the
former case, policies are normally implemented by an agricultural ministry or advisory
agency, working in collaboration with the environment or water-resource agency. In the
case of water well capture zones, the lead is often taken by the corresponding water utility
in negotiation with specific local farmers, commonly under some form of compensatory
payment scheme.

An example of the former is provided by the EU Nitrate Directive (1991), which
required the declaration of Nitrate Vulnerable Zones (NVZs) covering most of the extensive
areas of aquifer recharge. In England, numerous measures were recommended in such
zones as ‘best agricultural practice’ to reduce nitrate leaching, including the elimination of
N fertiliser applications to autumn-sown crops, direct drilling for sowing seeds to reduce
soil N oxidation, the promotion of autumn (rather than spring) sown crops and growing
‘winter cover crops’ to reduce leaching losses. Nevertheless, without more radical land-use
changes, such measures are not sufficient to reduce average recharge quality to less than
50 mgNO3/L [20]. Such major changes in agricultural land use would have to include
moves towards organic farming and low-intensity grazing [21].

In England, an example of more locally focused controls in response to the EU Ni-
trate Directive was Nitrate Sensitive Areas (NSAs). This was a voluntary scheme in place
between 1990 and 2003 that aimed to reduce nitrate leaching by modifying land-use man-
agement within water-supply catchment zones with compensation payments to farmers,
including conversion of some areas to rough pasture or coppice woodland. Measurements
from 22 NSAs introduced in 1994–1995 showed an average 34% decrease in the nitrate
concentration of water leaching from the soils (from 115 mg/L in 1995–1996 to 76 mg/L in
1998–1999 [22]. The study looked at two NSAs in considerable detail—Old Chalford, an
81 km2 catchment with shallow water-table in the Jurassic Limestone of Oxfordshire and
Pollington, a 358 km2 catchment with three public water-supply sources on the Triassic
Sherwood Sandstone of North Yorkshire. At Old Chalford, reductions in nitrate soil had
a measurable effect at public-supply abstraction points after only 2 years. In contrast, at
Pollington, there was little beneficial effect of the measures on abstracted groundwater
quality during the study, with a noticeable impact predicted only after 30 years [22]. As
a consequence of such time-lags in groundwater response, the institutional and political
commitment to the ‘compensation approach’ could not be maintained, and NSAs were
incorporated into the broader and less stringent NVZ scheme.
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2.3. Institutional Obstacles to Policy Implementation

The challenge of controlling agricultural land-use practices for groundwater quality
protection is primarily of an institutional rather than technical character. In particular, it is
influenced by the lack of clear incentives for key players to act at the appropriate level and
over the required area for a problem that falls only partly in their domain. For example,
there is an absence of clear incentives or definite obligations for farmers to act in the interest
of protecting groundwater quality without a legal and economic partnership with the local
water-resource regulator or water utility.

The basic principles of groundwater protection suggest that the ‘potential polluter
should meet the cost of putting protection measures into practice’, but this remains problem-
atic since the best examples of effective action are where water utilities have underwritten
the costs of modifying land-cultivation regimes to favour higher-quality groundwater
recharge in public water well capture zones [23–26].

Actions by environmental or water-resource agencies cannot normally go as far as
requiring land-use changes and are restricted to advocating practices to the agricultural
ministry that:

• Reduce nutrient leaching losses from existing cropping practices;
• Ban the sale of a given pesticide because of its high mobility and persistence.

While a step in the right direction, such actions are not on their own capable of
ensuring potable quality groundwater recharge [27,28]. The slow reaction of ground-
water systems to external changes means that the benefits of land-use management for
groundwater quality are also much delayed and tend to fall outside the timeframe of
democratic governments.

In comparing the response to agricultural nitrate pollution in Poland and Denmark,
numerous ‘enabling and constraining factors’ were identified [29] that affected the ability
to meet the obligations of the EU Nitrate Directive and Water Framework Directive (WFD)
fully. Research in two areas of Poland identified the enabling factors as:

• The legal framework of these directives with its devolution of power to local levels;
• Good communication with farmers and a general acceptance that nitrate pollution

from agricultures needs to be addressed.

Meanwhile, the constraining factors included:

• A mismatch of responsibilities between agencies, leading to a lack of cooperation and
competing policy priorities;

• A notable lack of financial and staff resources for implementation;
• Fragmented farming with a high level of political power in the farming community.

Such institutional constraints are likely to be experienced widely, and the political
power of farmers, in particular, was also noted in the Seine Basin [15].

A recent review of the lessons learnt from EU-WFD implementation in England
and Scotland [30] concluded that the joined-up governance structure in Scotland enabled
policy-makers and interest groups to work together to build cooperation and facilitated the
adoption of stricter measures for tackling diffuse pollution. In contrast, greater institutional
fragmentation in England lessened the engagement of all parties and acted as a barrier
to cooperation.

In many countries, there is a lack of clear incentive for water utilities to take action
on groundwater quality protection through land-use controls because of the uncertainty
of the success of the approach and the time taken for the beneficial impacts of controls
to be realised. It is often perceived by utilities as more secure to achieve drinking-water
quality goals by complex water treatment, which is completely under water-utility control
and whose capital and operating costs can be charged to water users. This is despite the
fact that it directly contravenes the EU-WFD and Groundwater Directive, which clearly
advocate that:

• Advanced water treatment to meet drinking-water quality should be avoided;
• Environmental degradation should be rectified at source;



Water 2021, 13, 2417 5 of 10

• Costs should be borne by the polluter [31].

This approach also embraces the general objective of the EU precautionary principle
that preventive action should be taken wherever possible. The EU-WFD thus promotes a
shift from traditional end-of-pipe solutions towards sustainable catchment management.

Managing diffuse pollution often requires strengthened coherence between policies in
different sectors. Agricultural policy and the economic benefits of farming may encourage
greater productivity, whereas environmental policy is likely to emphasise resource con-
servation. At the national or sub-national level, this can produce significant institutional
impediments to controlling diffuse pollution. At the European level, there has long been
concern about the potentially conflicting objectives of the EU-WFD and the EU Common
Agricultural Policy (CAP) [32]. To improve coherence, a ‘cross-compliance mechanism’
was aimed at linking some CAP payments with environmental requirements. In the newest
CAP provisions, which came into effect in 2020, cross-compliance is replaced by ‘condi-
tionality’, linking income support to environment-friendly and climate-friendly farming
practices and standards [15].

3. Groundwater Resource Conservation
3.1. Nature of Concerns

The last 30–40 years have witnessed massive increases in the use of groundwater for
irrigation, especially in areas subject to extended dry seasons and/or regular droughts,
making a major contribution to food production and improving the livelihoods of millions
of smallholder farmers [33,34]. Groundwater is a very popular commodity with farmers,
given that it is usually found close to the point of use, developed quickly at low capital cost
and is available directly on demand at the times of crop water need. Amongst the countries
with the greatest use of groundwater irrigation are India, China, Pakistan, Mexico, the USA,
Australia and Spain. Today irrigated agriculture is the largest abstractor and consumer
of groundwater resources, with around 40% of all cultivated land under irrigation being
water well equipped [35].

Since the land usable for cultivation usually exceeds the water available for crop
irrigation, and most water well development has occurred through the private invest-
ment of small farmers, it has largely been unregulated and widely resulted in excessive
groundwater abstraction from both shallow and deep aquifers [36]. Consequences include
serious depletion of groundwater reserves, shallow water wells running dry, groundwater
pumping costs increasing, wetlands drying out and dry-weather streamflows declining.
The side-effects have also compromised the continuity of human potable water supply,
which is the most critical groundwater function (although of more modest demand volu-
metrically than irrigation). Moreover, poor-quality irrigation returns to shallow aquifers
can have seriously negative environmental impacts [37]. Even in temperate humid climates,
intensive groundwater abstraction can lead to short-term aquifer depletion during drought,
significantly impacting groundwater-dependent ecosystems.

In semi-arid Spain, regulatory powers exist to counteract excessive groundwater
abstraction, but there are various examples of serious resource overexploitation for irrigated
agriculture. Caps on maximum licensed groundwater use can be reinforced by levying
abstraction fees. However, for several decades the aquifers of South-Eastern Spain have
been very heavily developed for intensive irrigated agriculture [38], and groundwater
overexploitation is a major challenge for the Segura and Guadalquivir Basin Agencies.
There have been water-level depletions of 100–300 m or more in the basins of Vinalopo
(Alicante), Guadalentin and Campo de Cartagena (Murcia) (Figure 2) and Campo de
Nijar (Almeria) as a result of over-exploitation at rates of 2–4 times the average annual
recharge [39]. The transfer of surplus surface-water (Figure 2), wastewater reclamation
and brackish-water desalination at a range of scales has been introduced to alleviate the
problem, but a return to hydrogeologic equilibrium is unlikely to be economically feasible
even in the long term [27]. In some cases, aquifers are, in practice, being treated as ‘only
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suitable for agricultural use’ and alternative water sources developed for public water
supply with the costs being charged to society.

Figure 2. Evolution of groundwater levels with irrigation-water source in layered Campo de Carta-
gena aquifer system (Murcia) Spain. GW—local groundwater resources; TTS—surface-water transfer
from the Tajo to Segura basin.

In the USA, about 60% of agriculture relies on groundwater for irrigation, with a total
pumping of about 100 km3/year from some 0.2 million water wells. The major aquifers
of the High Plains and the California Central Valley have long been seriously overex-
ploited [40], and declining water well yields are likely to produce significant reductions in
food production in the medium term.

In India, the groundwater-irrigated area has increased by more than 500% since 1960
and amounted to about 200 km3/year on 39 Mha in 2010 with around 20 M irrigation water
wells. Demand was driven by rural-population pressure making more intensive land use
(with a second and sometimes third crop) imperative and further stimulated by grants and
loans for water well construction and widespread rural electrification with, in many cases,
highly subsidised electrical energy for water well pumps [41]. Groundwater irrigation
is concentrated in western and peninsula India (states of Punjab, Haryana, Karnataka.
Andhra Pradesh, Gujurat, Tamil Nadu and Uttar Pradesh).

3.2. Key Actions for Sustainable Management

The most direct way of reducing water well abstraction from an aquifer system is
to reduce the irrigated area substantially. This is usually achieved by leaving tracts of
land fallow for one growing season or cultivating a lower-value rainfed crop, and the
environment or water-resource regulator can monitor compliance effectively using remote
sensing techniques. However, deploying land-use change directly to control groundwater
abstraction or stricter enforcement of groundwater-use rights to reduce irrigation-water
availability implies a high level of institutional regulatory capacity and has only proved
possible in some exceptional circumstances.

The groundwater resources of the North China Plain are seriously overexploited as
a result of water well irrigation for the ubiquitous winter-wheat crop [42]. It is estimated
that the local water resource bureau will need to reduce the extension of winter wheat
on this large land area by about 30%, substituting a lower-value rainfed crop or leav-
ing the land fallow. However, compensation payments at rates equivalent to about US
$1200/ha/year to the farmers involved will be required, which is clearly impeding the rate
of implementation [43].

A similar approach has been implemented successfully over a much smaller land area
in Mendoza, Argentina, to protect against increasing groundwater salinisation, but in this
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case by enforcing adherence to previously agreed individual water rights and without any
payment of compensation [44].

If excessive groundwater exploitation is to be confronted, integrated responses across
the water/agriculture policy interface need to be defined, adopted and implemented. The
main obstacles to effective groundwater policy are:

• That groundwater is to most an ‘invisible resource’ with much-delayed impacts;
• Perverse agricultural subsidies for water well construction, electrical energy for pump-

ing and crop guarantee prices, which often stimulate irrigated agricultural production
regardless of the status of groundwater resources;

• The costs and difficulty of measurement and inadequate monitoring of groundwater.

These obstacles must be confronted by agricultural and hydrogeological scientists and
their corresponding sector administrators, but this may not be straightforward as a conse-
quence of their different scales of field research (from aquifer system to experimental plot).

For the most part, the approach to the control of groundwater use for irrigation has to
be adapted to the unique and complex set of socio-ecological and political conditions found
in individual countries or provinces—‘one size certainly cannot fit all circumstances’ [45,46].
Land-use and crop changes are much more likely to be the outcome of groundwater
management actions rather than the direct approach adopted. The diverse nature of the
challenges means that a combination of measures will be needed, including:

• Groundwater governance and regulatory provisions, such as abstraction rules and
caps, licenses and charges, and conservation zones;

• The promotion of conjunctive use of groundwater and surface-water for adaptive
resource management;

• Land-user incentives for groundwater services through agri-environmental steward-
ship schemes and land ownership/leasing arrangements.

In turn, the effectiveness of all these measures will depend on the prevailing legal
framework and political will, the level of stakeholder awareness on groundwater sustain-
ability issues and the involvement of an informed and organised civil society with a clear
long-term vision [45,47].

The challenge of collective action is much greater in South Asia, with its millions of
irrigation water wells, than in the USA, Mexico or Spain. However, despite the much lower
number of people dependent on groundwater in these countries, there are strong farmer
lobbies that create political pressure to resist change. Thus, in all cases, the first step must
be to eliminate perverse agricultural subsidies, especially those reducing electrical energy
costs for water well pumping, and charges for groundwater abstraction can generally best
be levied jointly with those for electricity use. Both of these actions are in the direct control
of national and local governments.

Groundwater resource conservation approaches that employ increased irrigation
efficiency can offer the prospect of reduced groundwater abstraction, but without control
over abstraction, the water thus saved will often be used to bring more of the available land
under irrigated cultivation. It is now also recognised that improving so-called ‘irrigation-
water efficiency’ on permeable soil profiles does not save groundwater resources, because
almost all the ‘losses’ are in practice irrigation returns to groundwater [48], and more
direct actions, such as reducing the cropped irrigated area, are required to reduce the
consumptive use of groundwater resources.

To address the groundwater management challenge effectively, the corresponding
local agencies need to be empowered by the central government to design appropriate
control measures and conduct long-term monitoring, for which they will need to be:

• Empowered legally to address the control of groundwater abstraction and use;
• Adequately staffed (in terms of professional and support personnel) to cope with the

regulation of large numbers of individually small groundwater users;
• Equipped at the executive level with understanding of the risks associated with

excessive groundwater abstraction and the confusion surrounding irrigation efficiency;
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• Resourced financially to undertake the sort of detailed monitoring from which to
make early predictions of adverse groundwater trends.

4. Conclusions

Water-resource regulators need to put more emphasis on protecting groundwater
because of its special importance for drinking-water provision and sustaining certain
aquatic ecosystems. A paradigm shift in water resource management is necessary to
conserve groundwater in areas under pressure from intensive agriculture. In the EU, some
significant progress has been made over various decades in:

• Raising awareness of the impact of human activities on the environment;
• Bringing together surface water and groundwater into a river basin approach to

environmental management;
• Encouraging broader stakeholder involvement in conserving the environment;
• Elaborating ‘best agricultural practice’ guidelines that will reduce (but not eliminate)

nitrate leaching rates to groundwater;
• Explicit consideration of pesticide mobility and persistence in groundwater systems

during the product registration process to reduce groundwater pollution risk.

However, much remains to be done. Groundwater protection requirements need
to be more widely incorporated into land-use planning, with zonal restrictions being
imposed according to local conditions. The technical basis for the delineation of such
zones (for resource preservation and quality protection) are now well established, but their
application requires appropriate local evidence, administrative consistency and trained
personnel, together with broad stakeholder acceptance.

In efforts to find the way forward in promoting the required control of agricultural
land-use practices, certain impediments will need to be confronted, notably:

• Institutional—the relevant institutions (agriculture, water resources, environmental
planning, municipal land-use administration and water-service utilities) often operate
in separate ‘silos’, so it is essential to nurture collaboration, both horizontally between
sectors and vertically between national and local level;

• Economic —the declaration of resource conservation zones often causes land-values
with water well use-rights to rise sharply, often by 200–700% [38], and the water
resource administration will need to resist pressure for illegal water well drilling,
while in contrast, groundwater quality protection zones can have the reverse effect by
lowering land values because productivity is reduced;

• Social—public awareness needs to be raised for effective policy implementation;
otherwise, the ‘public administration’ will tend to opt for ‘business as usual’.
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