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Abstract
The challenge for sustainable grassland production is to integrate economically profitable farming systems
with environmental protection. The Water Framework Directive aims to attain at least “good status” for
all waters by 2015, to be achieved through the introduction of measures across all sectors of society.
Historically, the impact of grassland agriculture on water quality was investigated in isolation. More recently it has been highlighted that water quality and other environmental impacts such as greenhouse gas emissions must be considered in an integrated manner. Catchment hydrology is critical to understanding the
drivers behind nutrient transport to surface water and groundwaters. Flashy catchments are more susceptible to phosphorus, sediment and ammonium loss, whereas contrastingly baseflow dominated catchments
are more susceptible to nitrate transport. Understanding catchment hydrology enables the targeting of
measures for the mitigation of diffuse agricultural contaminants. This increased understanding can also be
used to support extended deadlines for the achievement of good status. This paper reviews the potential
effects of grassland agriculture on water quantity and the transport of pesticides and nutrients to water in
the context of achieving good status for all waters by 2015 under the Water Framework Directive
Key Index Words: Nitrate, phosphorus, groundwater, grassland, Water Framework Directive, hydrology

Introduction
The agri-food sector is an important industry
in Ireland accounting for about 8.6% of the
Gross Domestic Product (GDP). Ninety per
cent of agricultural land (4 million ha) is
under grassland and this is mostly permanent
grassland. Grassland products account for
over 90% of the diet of ruminant livestock,
and beef, milk and sheep production account
for 74% of gross agricultural output (GAO).
Agricultural area (AA) under cereals (barley,
wheat and oats) has been between 275,000
and 300,000 ha since 1990, and cereals currently account for 3.0% of GAO. Agricultural

area under other crops (for example, potatoes), fruit and horticulture is approximately
120,000 ha, 5.7% of GAO. Pig and poultry
production accounts for 6.0% and 2.7% of
GAO, respectively.
Grassland production in Ireland and internationally is under ever more stringent environmental legislative restrictions to ensure the
sustainability of the rural agri-environment.
Agri-environmental legislation focuses on limiting the impact of agriculture on water quality, air quality, greenhouse gas emissions, biodiversity/habitats and in the future may
include soil quality. The implementation of
143

Tearmann, the Irish journal of agri-environmental research, VOL 7, 2009
the Water Framework Directive (WFD)
(2000/60/EC) in Ireland under S.I. 722
European Communities (Water Policy)
Regulations in 2000 has ensured an integrated
water resource management approach to the
protection of all waters and the achievement of
good status for all waters and groundwater
dependent terrestrial ecosystems.
Agricultural production systems can have a
number of impacts on the quality of waters
such as chemical pollution (pesticides and
other priority substances), eutrophication
(nutrients), microbial contamination (faecal
pathogens), and also on hydromorphology
(arterial drainage) and water quantity (abstraction for irrigation and drinking water). Other
emerging chemicals (Musolff, 2009) may also
be present in rural aquatic systems but below
the current analytical detection limits. The
WFD integrates all of these agricultural pressures with other sectoral contributions to
ensure good status is reached in all receiving
waters and groundwater dependent terrestrial
ecosystems by 2015. There is potential for
member states to have extended deadlines to
achieve good status and these must be based
on timely improvements being prevented by
natural conditions, disproportionate costs or
where scale of improvements require phases
for technical reasons (DOE, 2009).
Furthermore, agriculture is faced with increasingly stringent legislation on the emission of
acidifying gases such as ammonia (NH3) and
of greenhouse gases nitrous oxide (N2O),
methane (CH4) and nitrogen oxides (NOx).
When investigating N loss to water, consideration of gaseous reactive N emissions must
also be made to prevent pollution swapping
(Stark and Richards, 2008b).

1.1 Irish Agricultural context
Agriculture accounts for 61% of the landcover
of Ireland with 90% of the utilised agricultural area devoted to grassland production (grass
silage, hay, pasture and rough grazing). The
remaining 10% of agricultural land is used for
arable crop production with spring barley
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(3.5%) and winter wheat (1.5%) being the
dominant crops grown. Irish grasslands support 6.7 million cattle, including 1.1 million
dairy cows and 1.2 million beef cows (CSO,
2009a). The number of dairy cows has
declined steadily as milk production per cow
has increased and national output is limited by
the national milk quota of 5150 million litres.
Irish dairy farming systems are primarily
based on grazed grassland with spring calving;
average milk yields are 4700 L cow year–1.
Irish farms are generally small with an average
dairy herd size of about 50 cows. Dairy farming is concentrated in the southwest and south
east of the country, with dairy represented in
other regions but at a lower level. Ireland’s
damp temperate climate is suited to grassland
production with annual grass growth on well
drained soils ranging from 280 d year–1 in
inland areas to 330 d year–1 in the south-western coasts (Schulte et al., 2006). The long Irish
growing season enables farmers to exploit
grazed grass on 200 d year–1 in the northwest
to 235 d year–1 in the southwest (Brereton,
1995), but in recent years this is likely to have
increased further due to the increased emphasis on grazed grass (Kennedy et al., 2005).
Irish beef farming systems are generally
located on the less productive, wetter soils
with lower stock carrying capacities. The cattle
sector is a feature of the great majority of Irish
farms. It accounts for 35% of the value of agricultural output and almost 90% of production
is exported. There are two components of the
breeding herd with stock coming from the
dairy and beef herds. Beef cow numbers
increased steadily from 1984 onwards, peaked
in 1998 (1.2 million suckler cows) and has
fallen slightly since then. There are approximately 120,000 farmers involved in beef production in Ireland and it is the major enterprise in some 90,000 holdings. Sheep production accounts for 4 percent of GAO, with a
quarter of Irish farmers involved in sheep production (CSO, 2009b).
Systems of animal production and land use
in Ireland are quite different to those in other
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European countries and, in particular, the
extent to which grassland dominates agricultural land use (90%). The cool summer temperatures facilitate the maintenance of highly
digestible grass swards (low lignin concentrations in the pasture) throughout the grazing
season. Most dairy, beef and sheep production
systems in Ireland are primarily grass-based
with less than 10% of total feed inputs coming from non-grassland sources (Drennan et
al., 2005). Consequently the level of concentrated feedstuffs fed to ruminant livestock
tends to be very low compared to other
European countries, which results in lower
imports of nitrogen (N) and phosphorus (P)
onto farms.

1.2 Status of Irish Water Quality
The main pollution threats to the status of
waters in Ireland are nutrients (N and P) and
pathogenic microbes (Lucey, 2007). Water
quality in Ireland continues to improve with
71.4% of river water deemed to be unpolluted (Lucey, 2007). The concentration of nutrients in surface waters continues to be of concern with increasing trends of nitrate (NO3-)
in rivers (particularly in the southeast) and
median molybdate reactive phosphorous
(MRP) concentrations in 6 of the 11 main
rivers being above the surface water quality
target of 0.03 mg MRP L–1. The microbial
quality of groundwater continues to be of
national concern with 29% of groundwater
samples tested positive for faecal coliforms.
The NO3- concentrations in groundwater are
much lower than in other EU member states
and only 2% of Irish groundwater supplies
had NO3--N concentrations exceed the maximum admissible concentration of 11.3 mg
L–1. (Lucey, 2007) noted a gradual reduction
in the number of supplies with NO3--N <2.3
mg L–1 and that 25% of supplies exceeded the
guide value of 5.65 mg NO3--N L–1. Nutrient
enrichment of Irish estuaries is of concern
with 21.7% of estuaries being classified as
euthropic or potentially euthropic due to
enrichment by N and P (Lucey, 2007).

The interim status of Irish waters under
the WFD was reported to the EU in
December 2008 (Anon., 2008a). The report
identified that 85% of groundwater bodies
met good chemical status. Of the 15% of
groundwater bodies classified as poor status,
12% were located in the Western (4.3%) and
Shannon (7.5%) River Basin Districts (Anon,
2008a). The main cause of poor status in
groundwater (101 groundwater bodies) was
failure to meet the surface water phosphate
threshold value of 35 µg L–1 standard and
these are concentrated in Karst dominated
areas (Daly and Craig, 2009). Only two
groundwater bodies had poor status due to
nitrates. Interim figures for lakes in Ireland
estimated that 66% of lakes were of high/good
status and 2.9% of lakes were of poor/bad status (Anon, 2008b). There is a lack of monitoring data available for Irish coastal and transitional waters, this has led to 42% of water
bodies not being assigned a status. Of those
coastal and transitional waters classified, 70%
(in terms of surface area) were classified as
high/good status (Anon, 2008c). For rivers,
47% of bodies were determined to be of good
to high status. This is lower than the river
channel length classification by the EPA
referred to previously (Lucey, 2007), likely
due to the focussed monitoring in areas with
point discharges (Anon, 2008d).
In summary, the main threats to water
quality in rural catchments relate mainly to
diffuse mobile nutrients (N and P) and pathogenic microbial organisms, which may originate from agricultural or non-agricultural
practices e.g. septic tanks. There is currently
little data available on the effect grassland agriculture has on pesticide occurrence in water,
water abstraction and hydromorphology.
The objective of this paper is to review the
potential effects of grassland agriculture on
water quantity and the transport of pesticides
and nutrients to water in the context of
achieving good status for all waters by 2015
under the Water Framework Directive.
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2. Understanding Catchment Hydrology
Understanding catchment hydrology and the
pathways for contaminant transport is crucial
in ensuring the effective implementation of
measures to achieve good water status.
Understanding the pathways for water movement and associated biogeochemical process
along the pathways aids in the targeting of
mitigation measures where natural attenuation is insufficient to protect water quality.
The main hydrological pathways in catchments are:
• Runoff or overland flow which is the
movement of water over the soil surface
due to saturation or infiltration excess (see
Frankenberger et al., 1999).
• Infiltration to the saturated zone (located
in either subsoil or bedrock) by slow
matrix flow and faster macropore/preferential flow (see Flury et al.,
1994).

•

Interflow or shallow lateral flow within the
subsoil or at the subsoil/bedrock interface
where higher permeability zones occur
above lower permeability zones leading to
a perched water table (see Haria and
Shand, 2006).
• Deeper groundwater flow and discharge to
surface waters (Richards et al., 2005).
A schematic depiction of a typical Irish lowland limestone catchment with a deep water
table is presented in Figure 1 (SNIFFER,
2005). The unsaturated zone (vadose zone)
extends through the overburden into the
underlying limestone bedrock. The limestone
is fractured with solutionally enlarged conduits leading to faster travel times to and
through the saturated zone. The water table
comes closer to the land surface as it nears the
river and, when it reaches the land surface,
forms the zone of saturation which is the area
in close connectivity with the surface water.

Figure 1: Schematic drawing of a typical Irish lowland agricultural catchment underlain by
limestone bedrock depicting flow pathways and potential sources of contamination such as
hydrocarbon storage (purple), leaking manure storage (brown), septic tank discharge (red) and
diffuse contaminants from fertiliser, manure spreading and intensive livestock grazing (green)
which mix prior to discharge to a river (Reproduced with permission from SNIFFER, 2005).
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Rural potential point sources of contamination are depicted in Figure 1 As follows:
hydrocarbon storage (purple), leaking manure
storage (brown), and septic tank discharge
(red); diffuse contaminants (diffuse mobile
inorganics under the WFD – N and P) from
fertiliser, manure spreading and intensive livestock grazing (green) which then mix prior to
discharge to the river. The nearer the pollution
source is to a receiving water, the shorter the
unsaturated travel time and the lower the rate
of potential amelioration through adsorption,
decay or microbially mediated processes such
as denitrification in the saturated zone.
3. Threats from Irish grassland agriculture in
relation to achieving good status
Grassland farming has often been considered
to be beneficial for the protection of water
quality due to the long growing season and
continuous plant cover. In recent decades
research has highlighted the effects of grassland agriculture on P loss to water (Tunney,
2002; Kurz et al., 2005a; Doody et al., 2006).
NO3- leaching from intensive grassland systems to groundwater has also been highlighted as an issue on free draining soils under
intensive grassland management (Richards et
al., 2005; Ryan et al., 2006). This section
reviews
the potential impact of grassland
787
farming on water quantity and the loss of pesticides
788 and nutrients to water in the context of
achieving good status.
789

3.1 The effect of grassland on water quantity
In Ireland, grassland agriculture uses small
quantities of water as grassland does not currently require supplementary irrigation due to
the humid temperate climate. The main uses
of water on the farm are drinking water for
livestock and wash water for the cleaning of
dairy parlours and other hard standings. There
is an increase in the number of dairy farms
installing groundwater supply wells due to the
introduction of local authority water charges.
What potential impact can increasing groundwater use on dairy farms have on groundwater
quantity?
The volume of wash water used on farms
varies widely and is influenced by the number
of washings per day, whether the hard standing is solid or slatted and the number of times
it is scrapped. In Ireland it is estimated that
wash water varies from 45 to 26 L cow–1
day–1 (DOE/DAFF, 1996). Based on an estimated wash water use of 45 L cow–1 day–1, a
large 100 cow dairy farm uses a total of
1642.5 m3 year–1.
Drinking water consumption by dairy
cows is related to feed dry matter intake (kg
d–1), dry matter content (%) and cow milk
yield (L d–1) (Little and Shaw, 1978); other
important factors include dietary sodium content and air temperature (Murphy et al., 1983)
and rainfall (Cardot et al., 2008). (Table 1)
The three selected models produced similar estimates of daily drinking water use of

Table 1: Estimated daily drinking water intake using three models for the average

Table 1: Estimated daily drinking water intake using three models
for the average Irish dairy
cows based on a mean milk yield
of 18.8 kg d–1, 16% dry matter and dry
cows790
basedIrish
on dairy
a mean
milk yield of 18.8 kg d–1, 16%
dry matter and dry matter intake of 16
–1.
kg d791
matter intake of 16 kg d–1.
Model Reference

Model Equation

Daily water use
(L cow

–1

–1

day )

Annual water use
m3 cow

–1

1. Castle and Thomas, 1975

2.53 x (MY* kg/d) + 0.45 x (DM%) - 15.3

32.3

11.8

2. Dahlbron et al., 1998

1.28 x (MY kg/d)+ 0.32 x (DM %) + 14.3

38.8

14.2

3. Little and Shaw, 1978

1.58 x (DMI kg/d) + 0.73 x (MY kg/d)+12.3

51.3

18.7

40.8

14.9

Average of 3 models

792

yr

–1

*MY is milk yield in kg/d; DM% is the feed % Dry Matter; DMI is the daily dry matter intake kg d–1)

793
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between 32.3 and 51.3 L day–1 with an average estimated drinking water intake of 40.8 L
day–1. Based on this average, a large herd of
dairy cows (n=100) would drink 1489 m3
year–1.
If groundwater was used as the source for
all water use on a dairy farm then the total
groundwater consumption for a large 100 cow
dairy herd would be 3132 m3 year–1. This is a
relatively small amount of water to be
abstracted and is below the local authority
threshold for registration of an abstraction
well of 10 m3 day–1. This groundwater
abstraction volume is relatively low when
compared to the likely aquifer recharge rates.
In Ireland, mean effective rainfall ranges from
300 mm year–1 in the east to over 600 mm
year–1 in the west (Schulte et al., 2006).
Fitzsimons and Misstear (2006) suggest
recharge acceptance value for Irish till based
on the permeability and thickness of the till,
which range from 0.4 to 0.8 m in moderately
permeable tills that are <10 m thick to <0.3 m
for low permeability tills >5 m thick. Aquifer
recharge rates (m3 ha–1 yr–1) of between 300
and 3000 in the east of Ireland and 600 to
6000 in the west were calculated by combining effective rainfall and aquifer acceptance
794
Table 2: Estimated aquifer recharge rates

(Table 2). The required zone of contribution
to supply a farm with its annual water use
(3132 m3 ha–1 yr–1), ranges from 0.5 to 5 ha
in the west and 1 to 10 ha in the east of
Ireland.

3.2 Pesticide loss to water from Grassland agriculture
Nationally grassland agriculture has the lowest
use of active pesticide ingredient per unit area
(0.1 kg ha–1) compared the substantially higher use in tillage enterprises with the highest
use of 2.7 kg ha–1 in maize (PCS, 2007). The
highest use of pesticide active ingredient within grassland is for grassland reseeding and
rejuvenation, which on average uses 0.9 kg
ha–1yr–1 compared to average use <0.1 kg
ha–1 yr–1 for new leys, permanent grassland
and rough grazing (PCS, 2007). Pasture
reseeding involves the destruction of the existing pasture and then ploughing and reseeding.
In Ireland, the area of pasture rejuvenation
and reseeding is low on an annual basis, with
about 3% of the agricultural area (c. 140,000
ha) being reseeded each year (Humphreys and
Casey, 2002). There is some grassland renovation (i.e. reseeding of permanent grassland)
(m3 ha–1 yr–1) in western Ireland (600 mm

Table–12: Estimated aquifer recharge rates (m3 ha–1 yr–1) in western–1Ireland (600 mm yr–1 effecyr effective rainfall) and in eastern Ireland (300 mm yr effective rainfall) as a
tive rainfall) and in eastern Ireland (300 mm yr–1 effective rainfall) as a function of the aquifer
acceptance
(Fitzsimons
and acceptance
Misstear, 2006).
796 recharge
function
of the aquifer
recharge
(Fitzsimons and Misstear, 2006).

795

797
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Aquifer Recharge

West Coast

Acceptance Factor

600 mm yr

1.00

6000

3000

0.70

4200

2100

0.50

3000

1500

0.30

1800

900

0.20

1200

600

0.10

600

300

–1

East Coast
300 mm yr

–1
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but approximately half of the annual reseeding
is on mixed tillage-grassland farms, where
cereal and root crops alternate with grassland
in rotations. In grassland, 69% of pesticide use
is for the control of weeds such as docks, thistles and nettles. This form of weed control is
generally spot applied directly to the weeds in
small areas and is generally not sprayed over
larger areas.
Currently there is little data available on
the occurrence of pesticides in Irish groundwaters or surface waters. Pesticides with high
intrinsic mobilities (such as atrazine) were
detected at low concentrations (<0.1 µg L–1)
in surface waters in 2005 (Clenaghan et al.,
2006) and in groundwater samples collected
as part of the EPA National Dangerous
Substances Programme carried in 2006-2007
(Daly and Craig, 2009). It is likely that grassland poses a low risk of pesticide loss to
waters, but this needs to be confirmed
through further monitoring and research.

3.3 Grassland catchment nutrient loss
The loss of nutrients (N and P) from grassland
agriculture to water has been highlighted as
the main threat to water quality in Ireland due
to the effects of eutrophication (Kiely et al.,
2000). A recently completed study on nutrient loss from three Irish grassland catchments
at multiple scales highlighted the challenge
that Irish grassland agriculture faces in achieving the very low P standards, 0.03 mg MRP
L–1 in rivers and 0.02 mg total P L–1 in lakes,
to prevent eutrophication (Jordan et al.,
2005).
To date there has been little integration of
research on N and P loss to water from diffuse
agricultural sources. Catchment scale research
completed over recent years has quantified P
and N loss to water, but the integration of
these research results has not been attempted
previously (Kiely et al., 2000). To highlight
the importance of integrating P and N, existing research results have been reviewed and
previously unreported annualised losses of

Total P (TP), Total Oxidisable N (TON-N,
considered NO3-N) and NH4-N are presented. The methods for the collection of hydrological and water chemistry data has been
reported previously (Jordan et al., 2005).
Briefly three catchments were instrumented to collect river discharge and chemistry at a
range of 3 to 4 scales (ranging from <1 to 88.5
km2 in each catchment). The three catchments studied were the Dripsey, a tributary of
the River Lee in Co. Cork, the Oona Water, a
tributary of the Blackwater River in Co.
Tyrone and the Clarianna, a tributary of the
Nenagh River in Co. Tipperary. River discharge was monitored using a combination of
rated control structures, pre-calibrated flumes
or weirs and water level recorders. River nutrient concentrations (TP, TON-N and NH4-N)
were monitored at least weekly by taking daily
flow proportionate samples and grab samples
(Jordan et al., 2005). The mean annual nutrient concentration plotted individually against
runoff as a proportion of total rainfall can be
seen in Figure 2.
Strong positive relationships can be seen
between Q5/Q95 ratio and both mean TP
and NH4+-N concentrations, indicating that
the more high infrequent flows (flashy) occur
in a catchment, the higher the observed concentrations of both TP and NH4+-N. In contrast, a strong negative correlation between
mean river TON-N concentration and
Q5/Q95 flow ratio was observed suggesting
that elevated TON is more likely to occur in
less flashy catchments dominated by groundwater flow (baseflow). The strong correlations
between a measure of catchment hydrology
(Q5/Q95 ratio) and TP (R2=0.82), NH4+-N
(R2=0.93) and TON (R2=-0.60) highlight the
importance of hydrology in contaminant
transport at the catchment scale. The catchments investigated above did not include a
Karst aquifer. Kilroy and Coxon (2005)
reported elevated P concentrations in Irish
Karst springs. Elevated groundwater P concentrations, in Karst areas in the west of
Ireland, are the main cause for groundwater
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Figure 2: Mean river NH4-N, TON-N and TP-P concentrations (mg L–1805 ) plotted against
the ratio of high, infrequent flows (Q5) to low, frequent flows (Q95) in all sub-catchments
catchments of the Oona, Clarianna and Dripsey catchments 1/1/02 to 31/12/02. Linear correlations between mean nutrient concentration and Q5/Q95 ratios.
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bodies being classified as poor status (Daly
and Craig, 2009).
The nutrient loss at the catchment scale is
related to grassland agricultural practices in
each catchment and catchment hydrology. In
the hydrologically flashier catchments (high
proportion of runoff ) there are greater losses
of TP and NH4+-N due to the main hydrological pathway being overland flow which
transports contaminants quickly over the soil
surface. In contrast, the base flow dominated
catchments (low proportion of runoff ) have
much lower losses of TP and NH4+-N but
higher losses of TON due to the main hydrological pathway being leaching and lateral flow
to the river channel (Figure 2).
In catchments with similar intensities of
grassland agriculture, the effect of hydrology/hydrogeology has an overriding control on
contaminant transport. Improving the
drainage capacity of soils through the introduction of subsurface drainage alters hydrology, considerably increasing infiltration, and
changes the transport pathway from surface
overland flow/runoff to leaching and throughflow. Under comparable meteorological conditions in the UK, Bilotta et al. (2008) concluded that artificial drainage increased infiltration
by up to 50% of total discharge from large
grassland lysimeters. The net effect of this
change in hydrology was to decrease TP and
suspended sediment mass loss by up to 52%,
although it should be noted that artificial
drainage has been associated with increased
NO3- losses (Kurz et al., 2005b). These
hydrological controls must be considered
when implementing measures to reduce the
loss of nutrients to lakes, rivers, groundwaters
and estuarine/coastal waters (Tunney et al.,
2009).
Achieving the very low P standards for
rivers in agriculturally dominated catchments
is going to be extremely challenging for the
agricultural sector. Of the three catchments
studied only the Clarianna with a low
Q5/Q95 ratio had median reactive P concentrations below the standard of 0.03 mg L–1

(data not presented).
Contaminant transport to groundwater
and surface waters is highly dependent on the
hydrological pathways in catchments.
Hydrological pathways have been described
previously (Section 2). P, pathogenic microorganisms and sediments are normally transported via overland flow pathways to surface
waters and the associated travel times are
short. In contrast, NO3- is normally leached
through soil to groundwater and transported
to surface waters by interflow, drain flow, shallow groundwater or deeper groundwater flow
with longer travel times in comparison to
overland flow. The hydrological pathways of
contaminant transport must be understood to
enable measures, for improving water quality
status, to be effective.

4. I ntegr a ti ng ca tchment hydr ology a nd soi l
chemi str y
As seen in Section 3.3, catchment hydrology is
critical in controlling river nutrient status
where generally P and ammonium transfer is
via overland flow while NO3 is transported by
leaching and lateral/groundwater flow pathways. Phosphorus may be transported via
groundwater pathways as has been recently
highlighted in Irish Karst regions (Kilroy and
Coxon, 2005).

4.1 Phosphorus Transfer
In addition to hydrological pathways differing
between catchments, P export in overland
flow to rivers has been shown to vary spatially
within catchments related to hydrologically
active areas associated with a small number of
storm events and at distinct locations
(Sharpley et al., 2008b). Such distinct locations for P loss, where areas of elevated soil P
and active hydrology coincide, are referred to
as
critical
source
areas
(CSAs).
Implementation of P loss protection control
measures in these minimal portions of land
may be more effective than broad nutrient
management within a catchment (Sharpley,
1993; Edwards and Withers, 2008; Zhou and
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Gao, 2008).
In Ireland, first steps to delineate CSAs
were made by Daly et al. (2002) using an
empirical model to predict flow weighted P
concentrations in rivers using data collected
from 35 Irish catchments. Inputs into the
model were water quality and stream flow data
(combined to give Flow weighted P concentrations), land use patterns, soil P level, four
categories of soil type based on organic matter
content and soil P desorption characteristics,
land management including mineral P fertilizer usage statistics and climatic conditions.
This model identified that P loss was elevated
due to 1) land use, 2) soil types with low
capacity for trapping or adsorbing P, 3) soil
test P concentration and 4) catchment hydrology. In another Irish study, soil type, flow
regime and scale were identified as important
factors when linking P transfer process to
catchment patterns (Jordan et al., 2005).
Within the catchments investigated, areas
with mineral soils containing low Al concentration and areas with high flashiness during
runoff (rather than large runoff volumes) were
the greatest risk for transferring reactive P in
erosion and enrichment to surface water. As
part of P management in grass-based agricultural production systems, location of CSAs
using field and catchment scale P ranking
schemes has been attempted (Hughes et al.,
2005).
Internationally a modified version of the P
index, which also includes soil P sorption
indexes, degree of P saturation and distance
from source to receptor, was used to assess P
loss risk and identify CSAs at a regional scale
in the Chaohu catchment, China. This study
suggested that 5% of the catchment was susceptible to diffuse source P pollution and concluded that mitigation measures should focus
on these CSAs (Zhou and Gao, 2008). After
CSA identification, the implementation of
novel management practices to reduce P losses at critical source areas is needed (He et al.,
2006; Penn, 2007; Sims et al., 1998).
Fenton et al. (2008) reviewed possible
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remediation and control systems for the treatment of agricultural wastewaters in Ireland.
Aluminium sulphate (Alum) and polyacrylamide (PAM) were identified under controlled conditions as potential chemical flocculants suitable for land application and ochre
(Fe oxide) sludge metal mining waste was
identified as a potential buffer strip or chemical amendment to prevent dissolved reactive P
loss to a water body from CSAs. Evaluation of
the efficacy of such mitigation measures has
been attempted at different scales (Fenton et
al., 2009c).
The natural dynamics of runoff generation
and infiltration may be further complicated by
land management practices such as the presence or absence of artificial sub-soil drainage.
Sub-soil drainage is conventionally applied to
lower shallow groundwaters where the water
table is close to the soil surface; areas of shallow groundwater tend to be in valley bottoms
close to surface water systems and are considered to be potential CSAs. In this case, subsoil drainage by lowering the water table may
reduce the occurrence of saturated overland
flows and associated P loss, but may enhance
the loss of other nutrients (e.g. nitrate) by providing preferential flow pathways (Haria et al.,
2009). As land management practises may
modify CSAs, these need to be taken into
account in addition to the natural catchment
hydrological processes when developing nutrient loss mitigation measures.

4.2 Nitrogen transport and subsurface denitrification
NO3- leaching is controlled by many local soil
and environmental factors such as soil nitrification rate, soil texture and structure, soil permeability and water holding capacity, rainfall
and drainage volume, N loading and timing
particularly related to urine returns in grazed
grassland (Stark and Richards, 2008a). There
are a number of pathways for NO3- concentrations in water to decrease during transport
to or within receiving waters. The most common mechanism is through microbial denitri-
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fication, which is the reduction of NO3- to
N2; chemo-denitrification is the dissimilatory
NO3 reduction to ammonium (DNRA)
reduces NO3- to NH4+ which can then be
retained by adsorption and anaerobic ammonium oxidation (Anammox) which is the
reduction of NH4+ coupled with NO2- to N2
gas. Reduction of NO3- has also been linked
with the oxidation of methane (Khalil and
Baggs, 2005) and reduced sulphur forms
(including free sulphide and elemental sulphur) (Burgin and Hamilton, 2007). The
reduction of NO3- to di-nitrogen gas via denitrification can be depicted as:.
Nitrate (NO3-) –––>Nitrite (NO2-)
–––>Nitric Oxide (NO)–––>Nitrous Oxide
(N2O)–––>di-nitrogen (N2)
Reduction in NO3- loading in rivers and
groundwater through denitrification requires
NO3-, available carbon substrate and anaerobic conditions. The substrates for denitrification (carbon and NO3-) may be contained in
leachate percolating through the soil/subsoil
zone or be present in the subsurface strata;
subsurface transport pathways contribute to
the spatial heterogeneity of denitrification
influencing the spatial distribution of substrates and anaerobic micro sites. There are
conflicting reports on the importance of subsoil denitrification as a sink to reduce NO3
transport to receiving waters. McCarty and
Bremner (1993) concluded that it is an important sink whereas Parkin and Meisinger
(1989) suggested it is not. Chemo-denitrification may also occur, but requires weeks or
even months to proceed completely, depending on the NO3--N input (Van Cleemput,
1998). Preferential pathways (such as small
channels, and boundaries and cracks of typical
polyhedric soil structures) of draining water
into deeper soil layers also create oxidationreduction spots and thereby influence the
degree of denitrification to occur. Complete
reduction of NO3- to N2 is environmentally
benign but concern remains over the N2O

emissions (potent greenhouse gas) from
incomplete denitrification.
Information on subsoil denitrification in
the unsaturated zone is very limited due to
methodological difficulties. In subsoils, denitrification is generally either low because
microbial activity is restricted due to less availability of organic C compared with surface
soils, with significant N2O emissions, or its
actual rate is underestimated (Well and
Myrold, 2002; Murray et al., 2004; Khalil and
Richards, 2009). Depending on the soil texture in subsoils, denitrification might be up to
50% of the mineral N present in poorly
drained soils (Van Cleemput, 1998). Potential
denitrification in agricultural subsoils, without or with C additions, was found to range
between 103 and 5100 µg N2O-N kg–1 dry
soil d–1 (Yeomans et al., 1992; Jarvis and
Hatch, 1994; Castle et al., 1998) and to be
temperature sensitive (Dhondt et al., 2004).
Heavy textured soils generally show the highest denitrification loss (Weier et al., 1993) and
well drained sandy soils the lowest (Van
Cleemput, 1998), though light to mediumtextured soils also have the potential to denitrify NO3- reaching the subsoils (Jarvis and
Hatch, 1994; Khalil and Richards, 2009).
Although rates of denitrification may be highly variable during NO3- transport, the length
of the transport pathway (residence time)
must also be considered because there is a larger reduction in NO3- during longer transport
(Fenton et al., 2009a). Recently published
research has highlighted the importance of saturated zone hydrogeology on controlling
NO3- occurrence under grassland agriculture
where NO3- is positively correlated with saturated zone hydraulic conductivity (Ksat)
(Fenton et al., 2009b).
5. Targeting Mitigation Measures
CSAs occur in a relatively small percentage of
a catchment where hydrologically active zones
intercept areas of high nutrient loss potential
(Pionke et al., 2000). Pionke et al. (1997)
demonstrated that most of the bioavailable P
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exported from a 25 ha sub-catchment originated from just 11% of the land. The identification of CSAs is required if a cost effective
approach to the targeting of mitigation measures is to be successfully implemented.
Strauss et al. (2007) demonstrated that sediment and P loss was effectively decreased by
targeting measures at CSAs, with sediment
loss reduced by 31-61% when mitigation
measures were targeted at just 6% of the
catchment. The importance of targeting mitigation measures at CSA has received increasing attention (Gburek and Sharpley, 1998;
Pionke et al., 2000; Caruso, 2001; Weld et al.,
2001; Heathwaite et al., 2005; Strauss et al.,
2007) and has resulted in the development of
approaches for identifying CSAs at field and
catchment scale (Lemunyon and Gilbert,
1993; Magette, 1998; Heathwaite et al., 2003;
Hughes et al., 2005; Bechmann et al., 2007;
Sharpley et al., 2008a; Bechmann et al.,
2009). The Phosphorus Ranking Scheme
(PRS) developed by (Magette, 1998) for grassland based agriculture in Ireland, adapted
from the earlier work of Lemunyon and
Gilbert (1993), provides a method of identifying CSAs at field and catchment scale by
applying relative weighting scores to both
source and transport factors controlling P loss
from soil.
A modified version of Magette’s PRS
(Magette et al., 2007) was implemented in the
Lough Melvin catchment (Schulte et al.,
2009). This study demonstrated the importance of targeting mitigation measures: despite
the predominance of extensive farming in the
catchment, 31% of the fields surveyed where
categorized as high risk for P loss while a further 30% posed a medium risk. CSAs occur in
the Lough Melvin catchment despite a low
average stocking density of 0.5 LU ha–1,
which results in the production of a relatively
small total volume of slurry and a limited
requirement for inorganic fertilizer in the
catchment. However, CSAs exist because limits were placed on the spatial distribution of
slurry as a result of the predominance of
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gleyed soils in the catchment. This restricts
slurry applications on farms to a limited number of drier fields, resulting in a build-up of P
in the soil above agronomic requirements. In
addition, 60% of fields in the catchment are
within 200 m of a watercourse; this, in combination with the predominance of gleyed soil
and a dense artificial drainage network, results
in high hydrological connectivity between the
source of P in soil and the lake.
Direct deposition of dung and urine into
watercourses has been shown to be a major
source of P, suspended sediment, TN and E.
coli. For example, Vidon et al. (2008) showed
that, over a 12 month period, cattle access to
water courses had no effect on NO3- but
increased TP fivefold, TN and NH4+ fourfold, suspended solids 11-fold and E. coli 36fold. The increase in diffuse pollutants to the
watercourses was a result of direct defecation
in the stream and disturbance of the stream
bank/bed. Davies-Colley et al. (2004) also
identified increases in TP/TN in New Zealand
streams and this was related to the increased
defecation while cattle crossed streams on the
way to the milking parlour each day. They
observed that cattle defecated 50 times more
per metre of stream compared to the on-farm
roadways. It is clear that preventing cattle
access to streams can dramatically reduce
direct deposition of TP and TN in waterways,
but the costs associated with mitigation can be
excessive. Schulte et al. (2009) argue that fencing streams to prevent cattle access has a high
cost per kg P reduced due to the low stocking
rate, high stream density and small field size
requiring a large number of off-stream drinking points.
A two-tier approach to nutrient management has been recommended with broad
national polices being combined with the targeted implementation of measures in more
sensitive areas (Johnes et al., 2007). The
majority of the farms in the Lough Melvin
catchment operated at below 170 kg organic
N ha–1 suggesting that the Nitrate Directive
has little relevance in the area and that there is
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limited threat to water quality from farming in
the catchment. However, the deterioration of
water quality in Lough Melvin and results presented by Schulte et al. (2009) highlight the
requirement for a catchment specific, targeted
approach to the implementation of mitigation
measures in such catchments if ‘good status’ is
to be achieved.
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