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Abstract
We carried out a one year (2002) study of phosphorus (P) loss from soil to water in three nested grassland catchments with known
P input in chemical fertilizer and animal liquid slurry applications. Chemical fertilizer was applied to the grasslands between March
and September and animal slurry was applied over the twelve months. The annual chemical P fertilizer applications for the 17 and 211
ha catchments were 16.4 and 23.7 kg P/ha respectively and the annual slurry applications were 10.7 and 14.0 kg P/ha, respectively.
The annual total phosphorus (TP) export in stream-flow was 2.61, 2.48 and 1.61 kg P/ha for the 17, 211 and 1524 ha catchments,
respectively, compared with a maximum permissible (by regulation) annual export of ca. 0.35 kg P/ha. The export rate (ratio of P
export to P in land applications) was 9.6% and 6.6% from the 17 and 211 ha catchments, respectively. On average, 70% of stream flow
and 85% of the P export occurred during the five wet Autumn/Winter months (October to February) indicating that when precipitation
is much greater than evaporation, the hydrological conditions are most favourable for P export. However the soil quality and land use
history may vary the results. Particulate P made up 22%, 43% and 37% of the TP export at the 17, 211 and 1524 ha catchment areas,
respectively. As the chemical fertilizer was spread during the grass growth months (March to September), it has less immediate impact
on stream water quality than the slurry applications. We also show that as the catchment scale increases, the P concentrations and P
export decrease, confirming dilution due to increasing rural catchment size. In the longer term, the excess P from fertilizer maintains
high soil P levels, an antecedent condition favourable to P loss from soil to water. This study confirms the significant negative water
quality impact of excess P applications, particularly liquid animal slurry applications in wet winter months. The findings of this study
suggest that the restricted P application in wet months can largely reduce the P losses from soil to water.
The specific objectives were: to determine the seasonal and annual exports in stream flow of total phosphorus (TP), total dissolved
phosphorus (TDP) and particulate phosphorus (PP) and to examine the hydrological and chemical controls on P exports in the stream-
flow.
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Introduction

Phosphorus (P) is an essential element present in all
living organisms. It is a non-renewable resource and
plays an important role in food production. Agriculture
is considered as the main consumer of mined P which
is 80%–90% of the total world demands (Childer et al.,
2011). However, approximately 20% of the P used in
agriculture reaches the food consumed and most of the
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rest is lost in inefficient steps in the P cycle (Cordell et
al., 2011). Phosphorus enriched runoff from agricultural
land promotes eutrophication of rivers and lakes (Correll,
1998). A recent review of P losses from agriculture and
eutrophication in north-west Europe (Norway, Sweden,
UK and Ireland) showed that the several lake systems (e.g.,
Lough Lake in Ireland) have become eutrophic because
of intensive agricultural practices (Ulén et al., 2007). In
Ireland, the level of P in soils have increased tenfold over
the past 50 years as a result of historical intensive use of
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fertilizers and grazing. Despite the significant reduction in
P fertilizer use in last 10 years, there is still a surplus input
of 8.3 kg P/(ha·yr). This high input is mainly associated
with mineral P fertilizer and intensive grazing. The average
mineral P fertilizer input on grasslands is 5 kg P/(ha·yr)
which is much less than arable land (46 kg/ha). In most
experimental studies, water from agricultural sector has
more than 50% of P in the form of dissolved reactive P
(DRP). This constant high level of P in Irish soils may be
due to in appropriate accounting of P in animal manure
and continuous intensity of slurry applications and grazing
on grasslands. The total P loss to waterways from Irish
agricultural land is estimated to be 0.5 kg P/(ha·yr) (Ulén et
al., 2007). However, for good water quality in Irish waters,
it is advised that P additions from all sources should not
increase to a concentration greater than 0.035 mg P/L
(Bowman, 2009).

Grasslands are an important part of Irish agriculture
system in providing food for rapidly growing livestock in-
dustry (Rafique et al., 2011a, 2011b). The concentration of
P in water bodies fed by runoff from grassland catchments
is dependent on the climate, hydrology, geomorphology,
soil chemistry, and farm management within the catch-
ment. The climate and hydrology factors include: the
rainfall amount and intensity; the antecedent soil moisture
conditions; the extent of overland and sub-surface flows;
the soil moisture status particularly in the near stream
fields; the potential for erosion of the hill-slopes and the
duration of high water flows (Tunney et al, 1997; Jordan
et al., 2005). The geomorphology parameters include: the
catchment size (scale); the soil type; the slope of the fields
adjacent to the streams and the concavity or convexity
of hill-slopes. The soil chemistry factors include: the
magnitude of soil phosphorus especially in the top 10
cm of the soil profile and in particular the extractable
phosphorus in the topsoil (Daly, 1999; Ulén et al., 2001)
and the degree of soil P saturation (Hooda et al., 2000).
The farm management factors include: the amount and
seasonality of application of chemical fertilizer and animal
slurry (Rafique et al., 2012); the phosphorus content in
fertiliser; the animal stocking density; animal diet; the
duration and timing of livestock in the fields and the
phosphorus residue in grass after silage or hay harvesting
and the contribution of farm yard runoff (Coulter et al.,
2002).

The data collection of time series of stream P con-
centrations is an integral component of many monitoring
programmes and water quality studies (Smith et al., 2001;
Stow et al., 2001; Ulén et al., 2007; Csathó and Radim-
szky, 2009). Such data are required for estimating: the
annual phosphorus export loads; the detection of trends in
seasonal and annual transport rates; the identification of
hydrologic controls on exports; assessing the efficacy of
measures taken to reduce phosphorus loading to surface
waters from diffuse agricultural sources; and modelling

land use change scenarios (Scanlon et al., 2005; Nasr et
al., 2007).

The different fractions of P found in streams (Turner
and Haygarth, 2000) include: total dissolved phospho-
rus (TDP), soluble reactive phosphorus (SRP) and total
phosphorus (TP). The SRP is particularly important as it
is immediately available for algal growth in rivers and
lakes (Liu et al., 2012). Observations of the seasonal
relationships between these fractions provide insight to the
physical and chemical processes involved in the loss of P
from soil to water. Particulate phosphorus (PP) concentra-
tion (mg/L) is defined in Eq. (1):

PP = TP − TDP (1)

Annual TP losses from agricultural soils generally
amount to 0.5–2.0 kg P/ha, which is between 1% and 5%
of the P input from fertilizer and slurry (McDowell and
Trudgill, 2000; Chapman et al., 2001; Ulén et al., 2001;
McKergow et al., 2003). The maximum permissible mean
annual concentration of TP in Irish rivers is 0.35 mg/L
(Tunney, 2002). Assuming an annual stream runoff of say,
1000 mm, then the annual export of TP should not exceed
0.35 kg P/ha.

From fertilized grassland catchments, increases in con-
centration of phosphorus are positively correlated with
stream flow (McDowell and Trudgill, 2000; Hooda et al.,
2000; van Es et al., 2004; Warner et al., 2009). However,
P concentration during a flood event is also dependent on
antecedent flow conditions, for maybe several weeks prior
to the flood event (Warner et al., 2009). The relationships
between the different fractions of phosphorus in streams
vary with season and with the type of fertiliser application.
Catchments that are subject to P fertilization often exhibit
a dominance of event-initiated transport of P in the overall
annual P flux (Grey and Henry, 2002; Scanlon et al., 2004).
This event initiated P flux may be dominated by either PP
or TDP.

In Denmark, using four arable catchments, Grant et al.
(1996) found that PP varied from 29%–71% of TP and
that the PP fraction was lower for areas using manure
fertilization. Brunet and Astin (1998) found for a large
catchment (7840 km2) in France that the annual flux of
PP was 34% of TP and the ratio of PP to TDP increased
significantly during flood events. For a 7.3 km2 catchment
over twelve years (Pionke et al., 1999) most TDP (66%
of annual) was measured in winter and associated with
storm flow while the concentration of DP remained almost
constant for base flow throughout the year at about 0.01
mg/L. Surveys in the UK (HMSO, 1995) found that the
average annual application of P (from chemical fertiliser)
was 16 kg P/ha in Scotland, 14 kg P/ha in England and
Wales and 13 kg P/ha in Northern Ireland. In Sweden,
farmers are not allowed to apply more than 22 kg P/ha to
ensure the good water quality (SBA, 2010). In Southern
Ireland the estimated regional average for pasture was 12
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kg P/ha and for silage field 15 kg P/ha (Coulter et al.,
2002). The Irish values are estimated on regional sales of
fertiliser and not on individual farm surveys.

In the context of promoting sustainable agriculture by
understanding the processes of P loss from soil to water,
we carried out a one year study of three nested grassland
catchments with known fertilisation regimes for two of the
three catchments (17 and 211 ha). The specific objectives
were: (1) to estimate the annual export loads of TP, TDP
and PP; (2) to examine the seasonal relationships between
TP, TDP and PP; (3) to examine the contribution of
fertiliser and animal slurry to the P export; and (4) to
examine the hydrological controls on P export.

1 Site description

The study site is the upland Dripsey catchment, a sub-
catchment of the river Lee in County Cork, Ireland. The
nested grassland catchments with outfall weir controls
at S1, S3 and S4 have areas of 17, 211, and 1524 ha,
respectively (Fig. 1). The elevation of points S1, S3 and
S4 are 210, 160 and 80 m above sea level (masl). The
experimental catchments are located approximately 25 km
northwest of Cork city (52◦N, 08◦44′W). Figure 1 shows
the shape, contours and site boundaries of the three nested
catchments. A gauged point S2 exists (between S1 and S3)
but no water chemistry analysis was carried out there. The
stream runs from North to South and at S1 the stream is
approximately 1 m wide.

The average annual rainfall recorded from a meteoro-
logical tower near S1 was 1472 mm for the six years 1997
to 2002. The monthly rainfall ranges from under 50 mm
in the summer to approximately 200 mm in the winter.
The mean monthly temperature is ca. 5°C in the winter

S1

S3

S4

190 M Contour

Cork

N

Fig. 1 Contour map of the three nested catchments: S1 (17 ha), S3
(211 ha) and S4 (1524 ha), showing the shape and location of the nested
catchments in Cork, Ireland.

and ca. 15°C in the summer. The geology of these nested
catchments is old red sandstone. The topsoil at the higher
elevations is peaty podzols and at the lower regions are
brown podzols. The profile of the soil is characterised by
a dark organic loam to a depth of 15 to 25 cm overlying a
yellowish-red, iron enriched B-horizon of loam texture.

Approximately 45% of the total area of Ireland (85% of
agricultural land) has a land cover of grassland (Coulter
et al., 2002). Farming layout and practice in the study
area of County Cork is a mix of dairy and beef cattle
and is typical of Irish farming. The 211 ha catchment
encompassing stream-flow station at Site 3 consists of
seven dairy and beef farms and one sheep farm. Farm
sizes range from approximately 10 to 40 ha. Land cov-
er is dominated by agricultural grassland consisting of
perennial rye-grass with some clover. The growing season
in Ireland is weather dependant but generally it starts in
early March and finishes in October. Stocking rates are
expressed as livestock units (LU), which is equivalent
to a mature (500 kg live weight) productive cow. The
stocking rate in the study catchment for 2002 was 2.1
LU/ha compare to Irish national average stocking rate of
1.9 LU/ha (Rafique et al., 2011b). The cattle strip graze
part of the farm during the eight-month growing season
and the rest of the farm (typically approximately one-third
to one-half) is closed off from cattle and kept for grass
silage harvest and production. In the study catchments,
there are normally two silage cuts, the first in May/June
and the second about 6 weeks later. For the year 2002,
cattle were housed indoors for approximately 4 months of
the year.

Fertilizer was applied throughout the growing season at
four to six week intervals with most applied in March and
April and again after silage cuts. The chemical fertiliser
type, Pasture Sward (N:P:K, 24:2.5:5, m/m/m) was applied
to the pastures and Cut Sward (N:P:K, 24:2.5:10, m/m/m)
was applied to the silage fields. Slurry was applied less
often but throughout the twelve months. Data were collect-
ed on fertiliser and animal slurry applications for the eight
farms of catchment 3 (this also includes catchment 1) but
not for the 47 farms of catchment 4.

2 Methods

2.1 Field methods

Stream discharge and water chemistry samples were col-
lected at the outfalls of the three nested catchments at the
control points at S1, S3 and S4 for the calendar year 2002.
At S1 the control point is a 90◦ v-notch weir; at S3, a
rectangular weir; and at S4 a modified crump weir. Stream
discharge was measured continuously (at 15 min intervals)
using an OTT Thalimedes (OTT Hydrometry Ltd., UK)
water level recorder at S1, S3 and S4. Composite, flow-
weighted water samples for the three sites were collected
in flow-actuation mode using an ISCO 6712 auto-samplers
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at S1, S3 and S4. The composite sampling regime ran
for the year 2002 and covered 44% of the entire year
at the three sampling locations. The composite samples
were made up of a number of smaller samples. These
were collected more often during periods of high flow
and less frequently in periods of low flow. The samples
were returned to the laboratory, from the auto-samplers
and stored in refrigerators at 4°C until analysed. Weekly
grab samples were taken to supplement the composite
sampling strategy. Laboratory analysis was performed in
the Aquatic Services laboratory of the Environmental
Research Institute at University College Cork.

2.2 Laboratory methods

Phosphorus analyses for the stream-water were performed
manually by spectrophotometer after Standard Methods
(Anon and Mary, 1985), based on a molybdate/ascorbic
acid method of Murphy and Riley (1962). For TDP, which
is composed of dissolved reactive phosphorus and dis-
solved organic phosphorus, the samples were membrane
filtered using 0.45 µm cellulose acetate filters and then
digested using sulphuric acid/ammonium per sulphate in
an autoclave. Filtering was not performed for the TP
measurements.

2.3 Data analysis

One key objective of this study is to estimate the annual
phosphorus export to the stream in kg P/ha (Ferguson,
1987). The instantaneous phosphorus export (e) for a
given stream location is calculated as the product of the
river’s instantaneous discharge (qi) and the concentration
of phosphorus Ci (Webb, 1997).

e = qi ×Ci (2)

The phosphorus export load (L) for any time period is
calculated from:

L = (Qi+1 − Qi) ×C (3)

where, Qi (L/sec) is cumulative flow at the start of the time
period and Qi+1 (L/sec) is cumulative flow at the end of the
period. C (mg/L) is the mean concentration of phosphorus
during the time period. The cumulative flow in the stream
for the year is computed from the observed 15-min flow
data. The annual export (AE) of P (assuming the full year
is sampled) is then

AE =
i=n∑
i=1

Li (4)

where, n is the number of composite sampling periods over
the year and Li is the P export of a given time period. The
total export for the year is then normalized (per unit of
catchment area) for comparison with other catchments.

NAE =
AE
A

(5)

where, A (ha) is the area of the catchment and NAE is
normalized annual export of total P. We have a detailed
record of the river flow for the full year. The composite
water chemistry samples cover 42%, 40% and 43% of
the year at the three measuring locations S1, S3 and S4
respectively. Covering 100% of the year was not possible
due to cost. There are gaps in the water chemistry data most
frequently at low flows but not exclusively so. To estimate
the annual export, we require a robust gap filling technique
for the remainder of the year. We computed the export of
phosphorus (kg P/ha) from S1, S3 and S4 using Eq. (3)
above including only the time periods for which we had
stream water phosphorus data. For S1 this is 42% of the
total year. This is a lower bound estimate since it assumes
that TP is zero for those time periods that we do not have
TP data. We also estimate an upper bound of the export, by
factoring the lower bound estimate. For S1 the lower bound
was estimated using a time period of 42% of the year. The
upper bound export is 2.38 times the lower bound estimate.

2.4 Gap filling

We used an empirical power law relationship between C
and Q:

C = mQn (6)

Where, C (mg/L) is the concentration of TP or TDP in
any given sample, Q (L/sec) is the corresponding flow
rate observed during sampling and m and n are catchment
specific constants. This technique was to plot the C vs. Q
for known data for the year and determine a single annual
relationship as in Eq. (6). In a catchment with seasonal
variation of flows and seasonal variation of application of
fertiliser (and slurry) it may be more appropriate to plot
the known data for each of the four seasons. This gives
four empirical relationships for the year (for each of the
three sites) rather than one relationship for the full year. We
applied both sets (the single annual and the four seasonal
curves) to estimate the annual export load of TP and TDP.
We estimated the export of PP from Eq. (1).

3 Results

The annual rainfall at location S1 for 2002 was 1812 mm
(see cumulative rainfall, Fig. 2), compared to the 1472 mm
average for the period 1997–2002. Normalised stream flow
(in mm/ha) for 2002 was measured as 1206 mm at S1, 1080
mm at S3 and 1035 mm at S4. The annual stream flow
amounted to 66% of annual rainfall at S1 and 55% at S4.
The reduced runoff at S4 was due to lower (not measured)
rainfall averaged over S4 (1524 ha). The single rainfall
measurement location is at an elevation of 190 m near S1
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Fig. 2 For the year 2002, the cumulative rainfall recorded S1; stream
flow at the outfall of the three catchments, normalized per unit area; and
the evapotranspiration estimated by eddy covariance.

(Fig. 1). In Fig. 2 we note that there are pulses of rainfall
(and high stream flow) at the beginning of the year (Julian
day 1 to 60) and again at the end of the year (Julian day
300 to 365). While there was rainfall in the summer months
(Julian day 150 to 300), the evapotranspiration was of the
same order as the summer rainfall with the result that the
stream flow was composed mainly of groundwater, which
is close to zero in P concentration.

Figure 3 shows the monthly chemical fertiliser and
animal slurry applications area averaged for the S1 and
S3 catchments. Chemical fertiliser was applied in each
of the eight months, February to September and animal
slurry was applied more randomly throughout the year. For
S1 and S3, the phosphorus applied in chemical fertiliser

was 16.4 and 23.7 kg P/ha respectively. The corresponding
animal slurry P application was estimated at 10.7 and 14.0
kg P/ha. The magnitude of the combined P in fertiliser and
slurry at S1 (26.7 kg P/ha) and at S3 (37.7 kg P/ha) exceeds
the reported national averages of 12 and 15 kg P/ha for
pasture and silage fields (Coulter et al., 2002) which was
estimated from sales statistics of fertiliser.

The discharge Q and total phosphorus concentrations C
for the composite samples at S1, S3 and S4 are shown
in Fig. 4, respectively. Increases in TP concentration
coincided with increases in flow at each of the three
measuring sites. The peak concentrations at S1, S3 and
S4 were measured on October 20 (Julian day 293) as 5.1,
2.8 and 0.55 mg/L, respectively (Table 1). These very high
concentrations are the result of a combination of an animal
slurry application and high rainfall. From Fig. 4, we note
that the highest concentrations of TP were in winter and
the lowest were in summer.

Figure 5 shows the annual CQ relationship for TP
at S3 with an r2 of 0.174. The C vs. Q relationships
were estimated using best fit non-linear regression routines
within the Matlab Curve Fitting Toolbox at the confidence
level of p < 0.05. The weak correlation coefficient is due
to the frequent application of animal slurry and chemical
fertiliser.

The C vs. Q relationships for catchments S1, S3 and S4
are given in Eqs. (7), (8) and (9), respectively,

at S1, C = 0.118Q0.422 (7)

at S3, C = 0.017Q0.59 (8)

at S4, C = 0.058Q0.174 (9)
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Fig. 3 Monthly applications of chemical fertilizer and slurry over the catchments areas. (a) S1 (17 ha) and (b) S3 (211 ha).

Table 1 Summary results of flows and measured TP concentrations at the three catchments in County Cork, Ireland

Catchment Area Highest Lowest Range of Range of
name (ha) concentration concentration flow rate flow rate

(mg P/L) (mg P/L) (L/sec) (L/(sec·ha))

S1 17 5.1 0.019 0.25–140 0.01–8.28
S3 211 3.0 0.040 2.5–267 0.01–4.31
S4 1524 1.2 0.022 29–8100 0.02–5.31
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Fig. 4 Time series over the year 2002 of total phosphorus concentration and flow rate at S1 (17 ha) (a), S3 (211 ha) (b), and S4 (1524 ha) (c).
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After completing the ‘gap filling’ exercise for TP and
TDP, we estimated the total export per unit area for the
three catchments. Catchment 1 has the highest annual
export of total phosphorus at 2.61 kg P/ha (Fig. 6) with
45% of the annual export in the three wet winter months
(October, November and December). This is due to a
combination of October animal slurry applications and
heavy monthly rainfall after October (Figs. 2 and 3). S1 is
also the most upland of the three catchments. The export
of TP at sites 3 and site 4 were 2.5 and 1.61 kg P/ha
respectively. For the 17 ha catchment (S1), the TP export
rate was 9.6% of the combined P in chemical fertilizer and
animal slurry. For the 211 ha catchment (S3), the TP export
rate was 6.6% of the combined P in chemical fertiliser and
animal slurry. These export rates are high by comparison
with reported rates of 1% to 5% in the literature. From
January to mid-October the export at S1 and S4 were 0.8
and 0.9 kg P/ha, respectively. There was a significant slurry
application in three fields (consisting of 35% of the area)
of S1 on October 15. In combination with heavy rainfall
on October 20, this caused a significant increase in export
load at S1 and S3 but not at S4 (9.5 km downstream).
This suggests that as catchment size increased, dilution
increased. At S1, the cumulative TP export rose from 0.9
kg/ha at October 15 to 2.61 kg/ha on December 31 (Fig.
6). At S3 the export rose from 1.5 kg/ha on October 15 to
2.5 kg/ha on December 31. At S4, the export rose from

TP for S1 = 2.61 kg/(ha.yr)

TP for S3 = 2.47 kg/(ha.yr)

TP for S4 = 1.61 kg/(ha.yr)
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Fig. 6 Normalized cumulative TP export (kg/ha) at the three sites S1, S3
and S4.

0.8 kg/ha at October 1 to 1.61 kg/ha on December 31.
The animal slurry application on October 15 in catchment
1 (S1) caused a pulse of phosphorus export at S1 with
decreasing impacts as the catchment scale increases. S3
had higher exports than either S1 or S3 for the first nine
months of the year. The difference between the S1 and S3
may be due to presence of point sources from farmyards.
S1 had one farm but no farmyards and S3 consisted of
eight farms and two farmyards. For S3 and S4, increasing
the catchment (scale) size by one order of magnitude
reduces the annual exports by approximately 50%. It is
noticeable from Figs. 4 and 6 that much of the phosphorus
export is in pulses, coincident with high stream flow rate.
Table 2 summarises the exports at the different sites. This
shows that as the catchment scale increases, the export rate
decreases, confirming dilution with increasing catchment
size. There are no urban areas in the catchments, and
the low density of individual houses suggests virtually no
human wastewater influences on the stream water quality.

The different fractions of phosphorus (dissolved and
particulate) were analysed for the full year. At S1 (Fig.
7a) the PP was approximately 25% of TP for most of the
year. At S3 (Fig. 7b) the PP was approximately 50% of TP
for the first 100 days of the year and an end of the year
cumulative PP was 43% of TP. At S4 (Fig. 7c) the pattern
of PP vs. TP was similar to S1.

In Fig. 8a we show the monthly flows and the monthly
exports of TP at S3 and note that months with high flows



No. 9 Seasonal exports of phosphorus from intensively fertilised nested grassland catchment 7

Table 2 Summary of phosphorus exports at the three sites in County Cork, Ireland

Catchment Area Cumulative export of Cumulative export of Cumulative Export of Cumulative Export of Cumulative Export of
name (ha) TP (kgP/ha) TDP (kg P/ha) PP (kg P/ha) SRP (kg P/ha) TP (g P/(ha·mm rain))

S1 17 2.61 2.01 0.60 1.7 1.44
S3 211 2.48 1.45 1.03 1.18 > 1.37
S4 1524 1.61 1.05 0.56 0.82 > 0.90
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Fig. 7 Normalized export (kg/ha) of TP, TDP and PP at site 4 (1524 ha) (a), site 3 (211 ha) (b), site 1 (17 ha) (c).

also have high export of TP. This trend is observed for
all three catchments. In Fig. 8b we show the monthly
chemical fertiliser applications and the monthly export
of TP. As the fertiliser was spread between February
to September, the large exports of TP did not coincide
(nor have a short lag time) with fertiliser applications. In
Figure 10c we show the monthly slurry application and
the monthly exports of TP with the months of signifi-
cant exports of TP coinciding or lagging (by about one
month) the months of animal slurry applications. Figure
8 suggests that exports of TP were dependent on high
flows suggesting that high rainfall rates produces surface
runoff bearing phosphorus. Monthly exports of phosphorus
are exacerbated by animal slurry applications especially
when those applications occur in high flow months such as
late autumn or winter. The chemical fertiliser applications
appear to have less of an immediate impact on exports of
phosphorus than animal slurry applications.

In Fig. 9, we examine the hydrological controls on
phosphorus export. For 2002, we show the monthly phos-

phorus export along with the monthly precipitation and the
monthly evapotranspiration. Monthly evapotranspiration
has a clear pattern ranging from approximately 5 mm per
month in January to 60 mm per month in midsummer.
Precipitation is more erratic, ranging from 40 mm in July
to greater than 200 mm per month in the five months Jan-
uary, February, October, November and December. In Fig.
9b we include the effective precipitation (precipitation–
evapotranspiration) and monthly TP exports. In summer
TP exports were negligible while in the winter exports
were significant. This suggests that TP exports are directly
proportional to effective precipitation.

4 Discussion

The application rates of P in fertilizer for 2002 were
16.7 and 23.7 kg P/ha at the farm scale (17 ha) and at
the eight farms scale (211 ha), respectively. The slurry
P application was 10.7 and 14.0 kg P/ha. The combined
fertilizer and slurry P, was 27.1 and 37.7 kg P/ha. This
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Fig. 8 Monthly TP export and monthly stream flow (a), monthly fertiliser applications (b), and monthly slurry applications (c) at S1.
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Fig. 9 Monthly precipitation and measured evapotranspiration (a), and monthly TP exports and effective precipitation (b) at S1.

compares to the Irish national average of 12 and 15 kg
P/ha for pasture and silage fields respectively. The P
application rates in the study areas were much higher than
the national estimates determined from fertiliser sales. The
annual exports of TP were 2.61, 2.48 and 1.61 kg P/ha for
the 17 ha, 211 ha and 1524 ha catchments respectively,
compared with a maximum permissible regulatory annual
export of 0.35 kg P/ha. The corresponding exports of TDP
were 2.01, 1.45 and 1.05 kg P/ha. The particulate fraction
was approximately 25% of TP for the 17 ha farm scale,
approximately 50% for the eight farm scale (211 ha) and
approximately 25% for the 47 farm scale (1524 ha). At
the 211 ha scale, the presence of two farmyards and some
rutted fields near S3 contributed to the higher PP. As the
catchment scale increases from 211 ha (S3) to 1524 ha

(S4), there is a dilution in phosphorus export from 2.48
to 1.61 kg P/ha. This dilution effect was also noticeable in
the concentrations of TP and its different P fractions during
the year.

The annual export of TP was 15.9% and 10.6% (of
chemical and slurry P applied) for the 17 ha and 211 ha
catchments, respectively. This is high compared to values
in the international literature of 1% to 5%. The amounts of
fertiliser applied were higher than the Irish averages report-
ed by Coulter et al. (2000). The land use history showed
large impact on the P export which is due to large amount
of animal slurry or inorganic fertilizer applied before the
one year experiment. However, the interaction of slurry
and inorganic P applications is very difficult to determine
in controlling P leaching (Liu et al., 2012). Exports of
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phosphorus were negligible in the summer months and in
months where effective precipitation was low (< 60 mm
per month). Exports of phosphorus were highest in the wet
winter months and in wet months outside of winter which
is consistent with the results found by van Es et al. (2004).
The amounts of fertilizer applied and the monthly amounts
were not always coincident with the timing requirement
of optimum grass growth (Khandokar, 2003) though this
response also depends on the climatic conditions, fertilizer
application rate and grass growth rate. Slurry applications
were carried out at random times throughout the year
with some applications in the wet winter months. Slurry
applications were responsible for significant excursions of
monthly phosphorus export, particularly at the smallest
scale (17 ha). The months (October to February) where
the effective rainfall exceeds 120 mm per month, provide
enabling environmental conditions for phosphorus export,
particularly if applied as liquid slurry.

In general animal slurry tends to be applied in large
quantities and at inappropriate times because farmers
underestimate the potential of P pollution from manure
via surface run off and erosion. Therefore, practices to
avoid P losses should aim for a low application rates with
best timing of the year. For example, application of both
inorganic P and slurry should be avoided during heavy
rainfall as observed in this study (Syer et al., 2008; Elser
and Bennett, 2011). Schröder et al. (2011) reported that
the placement of fertilizer as close as possible to where the
roots of the plants are growing can also significantly reduce
nutrient (P) losses. Major losses of P along with other
nutrients from soil are strongly related to the status of soil
organic matter level. According to an estimate, about half
of the P applied to farm soils is lost due to wind and water
erosion. Therefore maintaining high organic matter in soils
is crucial in holding P in soils (Blanco-Canqui et al.,
2009). The maintenance of high SOM enhances the micro-
organism activities and increases the nutrient cycling for
best use of P reuse (Soil Association, 2010). The animal
diet also plays an important role in preserving the P losses
through manure application. Livestock farmers usually
supply extra mineral P in the animal’s diet as “cheap
productivity” and which leads to overfeeding beyond the
levels that could be utilized by animals (Knowlton et
al., 2004). Thus, adjusting P requirements in diets to the
animal needs is the first step in reducing P losses through
farming system. However, there is a strong need to conduct
a modelling study to look in detail at P balance from
different Irish farm management practices. This study will
help in quantifying the import and export of P at the farm
and small catchment scale.

5 Conclusions

This study examined the export of P over one year from
three nested grassland catchments. We found that the

annual export of TP and TDP decreased as the catchment
size increased. However PP increased from 0.6 kg P/ha
for the 17 ha catchment to 1.03 kg P/ha for the 211 ha
catchment and decreased to 0.56 kg P/ha for the 1524 ha
catchment. The anomaly in PP may be due to the presence
of farmyard runoff and some rutted (caused by winter cattle
traffic) steep fields near the weir at S3. At S1, PP was
approximately 25% of TP for most of the year while at S3,
PP was approximately 50% of TP for the first 300 days,
reducing to 40% for the last 2 months of the year and at
S4, PP was approximately 30% of TP for most of the year.

At S1 the combined P in chemical and animal slurry
was approximately twice the regional average and at S3
was approximately three times the regional average. The
regional average estimate was based on fertilizer sales and
is guided by amounts necessary for agronomic require-
ments. Chemical fertilizer was applied in the drier months
between February and September, while animal slurry was
applied over the full year. The animal slurry applied in
the winter had significant impact on the concentrations of
TP in the stream and boosted the TP exports for the year
2002. The high TP exports between October and December
2002 were due to the slurry applications in October and
later. It is likely that if liquid slurry was not applied after
October, that the TP exports would have been reduced.
Effective precipitation is the hydrological driver enabling
phosphorus loss from soil to water from soils saturated or
near saturated with phosphorus. As effective precipitation
is close to zero or sometimes negative in summer, phospho-
rus loss at this time is also close to zero. In winter (and to
a lesser extent autumn and spring) effective precipitation is
close to actual precipitation causing surface runoff leading
to elevated stream flow. Applications of phosphorus at this
time entered the stream and contributed significantly to
large annual exports of phosphorus measured. The results
of this study suggest that the restricted P application in
heavy rainfall can largely reduce the P losses from soil to
water.
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