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Evaluating scenarios to reduce phosphorus transport in surface waters from slurry 
applications in temperate grasslands
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ABSTRACT
This study evaluates a range of scenarios to reduce soluble reactive phosphorus (SRP) losses using the 
surface runoff phosphorus transport model (Surphos) to simulate the application of liquid manure (slurry) 
to grassland catchments. Surphos was applied using data from two contrasting sites in the Republic of 
Ireland and Northern Ireland. It explored scenarios that investigated changes to the timing of slurry 
applications, based both on policy (i.e. a “closed” period where regulations prohibit any slurry spreading) 
and on climate-based restrictions, where soil moisture and antecedent rainfall were important factors. 
The observed data showed a considerable spatial variability in runoff at both sites, which resulted in a 
corresponding variable range of SRP losses predicted by the model. However, at both sites the model 
results showed that maintaining a closed period led to a greater reduction in SRP losses than opening this 
period up to slurry applications under climate-based restrictions.
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1 Introduction

Eutrophication of freshwater remains a significant environmental 
issue, with agriculture identified as a primary source of nutrients 
in many countries (Withers et al. 2014). Agricultural phosphorus 
(P) sources include topsoil and subsoil P stores (Schulte et al. 
2010), farmyards, and inorganic and organic fertilizer applica-
tions, with Withers et al. (2003) reporting that surface applica-
tions of organic and inorganic fertilizers can potentially 
contribute 50–98% of the P load in runoff from many agricultural 
fields, primarily as dissolved forms. The investment in mitigation 
measures in many countries has reduced diffuse P losses from 
agriculture (Barry and Foy 2016); however, slurry application 
remains a high-risk practice, particularly in temperate maritime 
climates where there are episodic high rainfall events and low soil 
moisture deficit for much of the year, generating large volumes of 
overland flow (Doody et al. 2010). Over a four year period Doody 
et al. (2012) demonstrated that in Northern Ireland (NI) overland 
flow occurred on an average of 18% of days per month outside of 
the closed period for slurry spreading (15 October–31 January). 
On an annual basis, soils were saturated 24–36% of the year, while 
rainfall occurred on 110–145 d year−1. O’Rourke et al. (2010) 
demonstrated that there was still a risk of nutrient loss 48 h after 
slurry application, with elevated nutrient concentrations recorded 
for more than nine days post application. Shore et al. (2016) 
reported high flow-weighted mean concentrations of P at the 
catchment scale, indicative of slurry applications during wet 
summers and in autumn. A study in the Republic of Ireland 
looked at climatic controls on slurry spreading and found that 
elevated losses would be associated with winter spreading in the 
northeast of the Island of Ireland (Holden et al. 2004).

A study by Bishop et al. (2005) found that the implementa-
tion of best management practices (BMPs) in a small (1.6 km2) 
catchment in New York State resulted in reduced soluble 
reactive phosphorus (SRP) export. The BMPs included con-
structing additional manure storage so that manure would not 
have to be spread daily. At the regional scale, the study of Barry 
and Foy (2016) demonstrated the positive impact of a combi-
nation of incentivized and regulatory approaches on water 
quality in NI. The improvements observed by Barry and Foy 
(2016) arose after the European Union Nitrates Directive I (91/ 
676/EEC) imposed limits on manure applications and/or 
closed periods from the 1990s onwards (Kleinman et al. 
2015). In Norway, Bechmann and Stålnacke (2005) found 
that there was a significant decrease in total phosphorus (TP) 
export over a 16 year period in a small (114 ha) grassland 
catchment with dairy farming where manure spreading was 
restricted in winter. In the Netherlands manure spreading has 
been restricted by law since 1986 and since then agriculture has 
lowered P surpluses, with a downward trend identified in 76% 
of the 87 headwater catchments and no increases observed in 
any of them (Rozemeijer et al. 2014). In other Scandinavian 
countries there has also been an observed decline in P con-
centrations in streams and rivers; in southeastern Sweden 
(Ulén and Fölster 2007) this was observed over a 20-year 
period.

The aim of this paper is to evaluate the effectiveness of the 
current regulations controlling the application of slurry to tem-
perate grassland, by modelling the edge of field P losses in surface 
runoff resulting from this practice using the Surphos model 
Vadas et al. (2007). In addition, the paper will consider additional 
measures to reduce these losses further post slurry application 
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during high-risk periods. The paper uses the Nutrient Action 
Programme Regulations (DAERA 2019) and their application in 
NI as a starting point for this analysis.

2 Material and methods

2.1 Case study – Northern Ireland

In NI, agriculture has experienced over 30 years of government 
policy designed to improve water quality by implementing 
numerous nutrient-reduction measures and schemes (Barry and 
Foy 2016). Agriculture in NI is dominated by livestock farming, 
with 95% of agricultural land under grassland including rough 
grazing, with arable land accounting for <5%. Typical of regions 
with high animal densities, the region has a low P use efficiency 
(38%) (Withers et al. 2020). Phosphorus from animal manures 
exceeds total crop P demand by nearly 20% and the resulting P 
surplus (e.g. 12.4 kg P ha−1 in 2019) has led to a high P accumula-
tion in the soil (7300 t year−1) (Rothwell et al. 2020). A recent 
national soil sampling scheme demonstrated that 38% of NI soils 
are above the agronomic optimum soil P level of 20–25 mg L−1 

Olsen P (Higgins et al. 2020).
A major step in legislating for nutrient load reductions in 

2004 was the implementation of the EU Nitrates Directive, 
which designated NI as a “Total Territory” so that restrictions 
apply to the entire area (DOE-DARD 2004). This includes a 
restriction on the spreading of liquid manure (slurry) between 
15 October and 31 January (termed the “Closed Period” (CP)), 
where the remainder of the year is termed the “Open Period” 
(OP). This directive also imposes spatial and temporal limits 
on the applications of slurry to minimize nutrient losses to 
water outside of the CP. The limits include restriction on 
slurry application when the soil is saturated or frozen, when 
rainfall >4 mm h−1 is predicted within 48 h and on steep- 
sloping land, which is defined in the directive. In 2006 the 
Phosphorus (Use in Agriculture) Regulations (NI) came into 
effect (implemented from 2007 onward) to limit application of 
chemical fertilizers. However, these restrictions did not apply 
to the application of manures. The Nitrates Action programme 
and P Use in Agriculture regulation have periodically under-
gone review since 2004, with the last review occurring in 2019 
(DAERA 2019), when they were incorporated into a single 
programme renamed the Nutrients Action Programme 
(NAP). Due to on-going concerns about slurry application in 
the weeks following the CP, the new NAP programme imposed 
greater restrictions on application in February, including limit-
ing application rates to 30 m3 ha−1 (down from 50 m3 ha−1).

To explore the impact of the current NI NAP regulations on 
P losses post slurry application, this study employed modelling 
using field data collected from two studies on the island of 
Ireland which are described below (Fig. 1).

2.2 Study sites

The two selected study sites provide a range of different con-
ditions to model P loss post slurry application and have good 
data availability in terms of physical parameters (e.g. soil 
properties) and hydrometeorology. Although these sites are 

quite similar in some aspects (e.g. soil types and climatic 
zone), their local-scale hydrological responses are quite differ-
ent and are discussed below.

2.2.1 CENIT
The first study site Central Nitrogen (CENIT) is located at the 
Agri-Food and Biosciences Institute (AFBI) Hillsborough 
Research Centre in Co. Down in NI (54°27”N, 6°05”W) and 
will be referred to as “Site 1.” Overland flow, drainflow dis-
charge and contaminant export studies were carried out on five 
hydrologically isolated 0.2 ha drumlin grassland hillslope plots. 
The plots were hydrologically isolated in spring 1987, as 
described in Watson et al. (2000), and tile drainage systems 
were installed at the site at that time. The site was ploughed 
and reseeded with perennial ryegrass in August 1987 and has 
been used for investigating nitrogen and phosphorus export 
from grazed grassland systems. Since the plots were estab-
lished, they have been used for a variety of phosphorus, nitro-
gen, and hydrological studies (Watson et al. 2000, 2007, 
Watson and Matthews 2008, Doody et al. 2010, Thompson et 
al. 2012, Cassidy et al. 2017).

The soil at Hillsborough is a slightly gleyed sandy clay-loam 
(48% sand, 31% silt and 21% clay) overlying Silurian shale 
(greywacke) till (Food and Agriculture Organization (FAO) 
classification: Dystric Gleysol). The soil has a hydraulic con-
ductivity of 0.2 m d−1 (Watson et al. 2000), giving it a 
Hydrology of Soil Types (HOST) classification of 24, which 
accounts for approximately 54% of the land cover of NI 
(Cruickshank 1997) and is of high risk for P losses due to 
surface runoff, in which measured concentrations of SRP 
between 2000–2005 were higher than in drainflow (Watson 
et al. 2007). The region has a cool temperate maritime climate, 
with an average annual rainfall and average annual evapotran-
spiration for the period 1971–2000 of 890 mm and 524 mm, 
respectively.

The dataset collected from the five plots (2008–2012) com-
prised a time series of daily rainfall and runoff data from each plot 
with associated meteorological data (air temperature and preci-
pitation) from the nearby automatic weather station; these data 
were used for the model simulations described in section 2.4.1.

2.2.2 Solohead
The second study site (Site 2) is situated at the Solohead 
research farm (52 ha) managed by Teagasc in the Irish 
Republic (52°30”N, 8°12”W) (Tuohy et al. 2016). The study 
area comprised 12 isolated plots, each 15 m wide and 100 m 
long. One of four different treatments was deployed at each 
plot in a randomized pattern. The four treatments deployed 
were (A) un-drained control; mole drainage installed in (B) 
January 2011 or (C) July 2011; and (D) gravel mole drainage 
installed in July 2011. Runoff was collected at an outlet point 
from each plot where it was piped into a measurement tank, 
giving 12 plots in all with recorded runoff data, as the data 
from the control plots (A) were not analysed. These data were 
used in the model simulations described in section 2.4.1.

The Solohead site suffered from waterlogging and poor 
trafficability during adverse weather conditions (Tuohy et al. 
2016). High soil moisture and associated ponding of surface 
water were observed during periods of persistent rainfall, 
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hence surface runoff would be the main pathway for P losses. 
The soil types are grouped into the Elton soil association and 
classified as poorly drained gleys (90%) and grey brown pod-
zolics (10%). Saturated hydraulic conductivity was found to 
decrease strongly with depth from 0.047 m d−1 for the top 
25 cm of soil down to 0.007 m d−1 for the 130–200 cm horizon. 
The subsoil consists of Quaternary till with a shallow water 
table (0–2.2 m below ground surface) and an underlying 
Devonian sandstone bedrock. The long-term (1981–2010) 
mean recorded at the closest Met Éireann climate station 
(Shannon Airport) was 977.6 mm. The average annual 

Potential Evapotranspiration (PET) is 510 mm, the meteoro-
logical conditions indicating that this site, like Site 1, has a cool 
temperate maritime climate.

2.3 Surphos model

The Surphos (Surface runoff model for Phosphorus) is a daily 
time-step model developed to simulate surface application of 
manure and fertilizer and associated dissolved P loss in surface 
runoff, as well as soil P cycling (Vadas et al. 2007, 2011, 2017). 
Surphos was designed to be integrated into more complex 

Figure 1. Map of the Island of Ireland showing the two study sites (CENIT = Central Nitrogen).
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field- or catchment-scale models to improve how these models 
simulate agricultural P cycling (Vadas et al. 2013, Collick et al. 
2016), therefore it does not simulate all the processes that affect 
P availability in a soil–manure system. Other, simpler models 
are available to assess losses at the field scale from applications 
of P in slurry (e.g. Annual Phosphorus Loss Estimator Tool 
(APLE); Benskin et al. 2014), but these models tend to work on 
an annual time step meaning that they are not capable of 
simulating either (i) repeated slurry applications during a 
year or (ii) episodic-rainfall-driven events that transport high 
concentrations of SRP in overland flow, so these models were 
discounted for use in this study. Vadas et al. (2013) found that, 
compared to observed data of P losses from an 11.9 ha field 
with surface-applied poultry manure, the Soil Water 
Assessment Tool (SWAT) model underpredicted these losses 
in the first few years of the simulation and allowed excess P to 
accumulate in the upper soil layer in the model as the model 
incorporates surface manure into the top 1 cm soil layer. The 
Surphos model predicted P losses in surface runoff that did not 
increase over time and tended to be more realistic, given the 
improved simulation of surface manure pools in the model.

2.3.1 Surphos model structure and data requirements
A detailed description of the model’s structure can be found in 
Vadas et al. (2007), (2011). For modelling purposes, Surphos 
requires input data for initial soil labile P content, porosity, 
percentage of organic matter, total P content and the water- 
extractable phosphorus (WEP) fraction of manure. Users also 
specify the day and rate of manure application and the appli-
cation method (e.g. trailing shoe). The model time step is daily 
so average air temperature, total precipitation and runoff are 
required for each simulation day; these data were obtained 
from Sites 1 and 2 as described above in section 2.2. The 
model simulates the release of WEP from manure stored in a 
“pool” on the soil surface when there is a rainfall event. 
Dissolved P in runoff is estimated by multiplying this released 
P by a unitless P distribution factor which is the ratio of runoff 
to rainfall raised to a power. The model also simulates the 
following physical and chemical processes that will govern the 
amount of available P from manure for runoff loss for a given 
event (Vadas et al. 2011): 

1. The decomposition of manure mass on the soil surface 
over time.

2. The conversion of manure that is in non-WEP forms to 
WEP through mineralization.

3. Assimilation of solid manure and P into soil through 
bioturbation, which acts a sink in the model decreasing 
the amount of WEP available for runoff P loss. 

The model will output daily SRP concentrations as well as SOP 
(soluble organic phosphorus) concentrations in surface runoff.

2.3.2 Validation of Surphos
The validation of the Surphos model in Irish hydrological and 
agricultural conditions was undertaken by O’Rourke et al. 
(2021) using data collected from both natural events and 
events generated by a rainfall simulator. The field site was a 
permanent grassland field also located at the Hillsborough 

Research Centre, less than 1 km from Site 1, with identical 
soil and climatic data. That study found that Surphos was able 
to predict SRP from both simulated rainfall and natural events 
reasonably well given the variability found in natural and 
simulated events, with Root Mean Square Error (RMSE) errors 
of 0.56 and 0.64 mg P L−1 for simulated and combined simu-
lated plus natural events, respectively. To further assess the 
model’s performance, earlier studies from the USA using the 
model to simulate SRP were also reviewed. Vadas et al. (2011) 
found that when comparing the modelled versus observed SRP 
concentrations from nine experimental studies that explored 
the effect of modifying the time between manure applications 
and the first runoff event, the model achieved a relatively high 
goodness of fit in terms of the Nash-Sutcliffe efficiency (0.89). 
The trend line fitted to the results had a slope of 0.92, indicat-
ing a slight underprediction overall. Following on from this 
study, model simulations of slurry applications to a 1.6 ha field 
in Wisconsin, USA, during five winters from 2008 to 2012, 
where slurry was applied in early November each year (Vadas 
et al. 2017), achieved an R-Squared (RSQ) of 0.82 and RMSE of 
0.46 mg P L−1, which are within the bounds of acceptable 
model performance, and indicated that Surphos can reproduce 
observed SRP concentration data accurately on a daily time 
step using field data recorded over several years and in winter 
conditions with melting snow, as opposed to reproducing the 
results from single experiments carried out under controlled 
conditions at the plot scale.

2.4 Identification of scenarios

In developing our different scenarios, the approach used by 
Vadas et al. (2017) to examine slurry spreading during winter 
months was applied, whereby plot-years of data (one year of 
runoff and rainfall data) were joined together to form a longer 
time series. Surphos was then used to simulate SRP concentra-
tions and thus export concentration × runoff for the different 
scenarios of slurry application. If multiple calendar years are 
available, then this approach allows for different combinations 
of wet and dry periods to be investigated. The approach is 
shown schematically in Fig. 2.

Firstly, the model simulated the entire time series of N plot- 
years, but with slurry applications only on 1 May in each 
calendar year, repeated each year. The choice of start date of 
1 May is not significant; it corresponded to the start date of the 
one year of runoff data from Site 2. The model was reset after 
each run with the manure application moved to the next 
calendar day, as manure was only applied in the model simula-
tion on that specific day once per year, and this was repeated 
until manure was applied on 30 April. The total annual export 
of SRP was calculated by the model over the year and then 
summed over the N year period (termed E).

For the 365 simulations (one per day of the year), the mean 
annual E was calculated as (E/N). The results were then pro-
cessed to calculate the annual maximum and minimum SRP 
export for each application date. In the results shown below, 
either the CP can be represented by setting the export from the 
days during the period to zero, or the results can be processed 
for this period only and the mean and other statistics can be 
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calculated for comparison. The second approach can be used to 
investigate what would happen if the CP was modified (e.g. 
lengthened) or even removed. For example, a “shoulder” period 
that extends the CP on either side of the current period can also 
be extracted and analysed. The same methods can be applied in 
processing the results from applications during the OP.

Firstly, we constructed a ‘baseline scenario’ to calculate SRP 
export with no restrictions (NR) on applications and with daily 
slurry applications, using data from both sites, which repre-
sents a worst-case scenario. Following on from the NR sce-
nario, a second scenario investigated the impact of the 
application of the current NAP regulations (NAP scenario). 
Lastly, an additional set of mitigation scenarios were evaluated 
(Table 1) and the changes in SRP losses caused by the mitiga-
tion measures individually introduced in each scenario were 
assessed relative to the baseline NR scenario. Here, scenario 
codes “Ax” denote that the application rate was set to x kg ha−1 

year−1 in a scenario, and names “Py” denote that the total 
phosphorus content of the slurry was reduced by y percent in 
a given scenario.

Note that in terms of imposing climatic restrictions on 
specific spreading dates, the A50, A10 and P30 scenarios 
used the same criteria as the NAP scenario to limit spreading 
to certain dates. The restrictions, based on soil moisture deficit 
(SMD) values, were enforced using a value of SMD below 

which spreading was not allowed in that particular scenario, 
to restrict spreading to certain dates. The restrictions based on 
rainfall prevented spreading on dates when the rainfall total 
was above the indicated amount in the preceding time period 
(shown in parentheses).

These scenarios are shown in Table 1 and include (1) differ-
ent application rates “Ax”; and (2) a 30% reduction in P content 
in the slurry “P30.” On certain days in the scenarios with 
restrictions when spreading was not allowed, the modelled 
annual SRP export (for applications on these particular days) 
was set to zero, as shown by the flowchart in Fig. 2; however, on 
most application days an application on at least one of the N 
plot-years was still possible. SMD values were calculated using 
Schulte et al. (2006)’s model for “poorly drained” soil types, 
which was calibrated against field monitoring data collected 
from soil moisture probes inserted into Irish soils. Under the 
current NAP regulations, slurry cannot be spread if land is 
“waterlogged,” meaning “where water appears on the surface 
of the land when pressure is added” (i.e. SMD = – 10 mm) or 
when 4 mm h−1 of rain is forecast to fall within 48 h. For the 
model runs where restrictions were applied to simulate these 
regulations, it was assumed that the rainfall restriction would be 
based on 16 mm d−1 falling on any day of a three-day period 
comprising the day of application and the next two days, as sub- 
daily rainfall data were not available for modelling purposes. In 

Figure 2. Rainfall and runoff for four plot-years : Site 1, Plot 1.

Table 1. List of the modelled scenarios showing the application rate and P content and detailing the restrictions on spreading that were imposed based on rainfall and 
soil moisture deficit (SMD). The scenarios are as follows: NR = no restrictions (baseline); NAP = Nutrients Action Programme; FC = field capacity; Ax = application rate 
modified to × m3 ha−1; P30 = 30% reduction in P content.

Scenario Restriction on SMD (mm) Restriction on rainfall (mm, timing) Application rate (m3 ha−1) P content Sites

Baseline (NR) None None 30 Default 1, 2
NAP ≤ −10 <16 (48 h) 30 Default 1
FC ≤0 <16 (48 h) 30 Default 1
A50 ≤ −10 <16 (48 h) 50 Default 1
A10 ≤ −10 <16 (48 h) 10 Default 1
P30 ≤ −10 <16 (48 h) 30 Reduced by 30% 1
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the field capacity restricted (FC) scenario, spreading during the 
CP was restricted when SMD was at field capacity (0 mm) or 
wetter; this was thus more restrictive than the “NAP” scenario.

For Site 2 the model was only used to investigate the annual 
average SRP export from the baseline simulation with no 
restrictions on spreading (i.e. Scenario NR), for reasons that 
are discussed in section 2.4.1.

2.4.1 Model input data for scenarios
The model’s soil property parameter values were obtained 
from earlier studies at Site 1 (Watson and Matthews 2008, 
Doody et al. 2010, Thompson et al. 2012); we assumed that 
under baseline conditions the slurry application in the model 
was 30 m3 ha−1 and an application was made only once per 
year. Since only one application is made per year, the model 
may be simulating fewer applications than take place in 
reality; however, the purpose of these simulations was to 
examine how sensitive the annual export of P was to the 
timing of the slurry application. The P content of the slurry 
was fixed at 0.87% (by mass) with a dry matter content of 6%; 
these figures are typical nutrient concentration values for 
cattle slurry in NI (DAERA 2019), giving a volumetric P 
content of 1.2 kg P2O5 per m3 of liquid slurry. Results from 
the current CP (from 15 October to 31 January) and the OP 
outside this period were analysed using the model results to 
investigate whether P export is affected by seasonality. The 
site-specific details of the datasets follow, and hydrological 
data collected at the two sites during the runoff experiments 
are summarized in Table 2.

2.4.1.1 Site 1. Four years of rainfall and runoff data from five 
runoff plots at Site 1 (2008–2012, with each year starting on 1 
May) were available, giving 20 plot-years (N) of simulation (see 
section 2.2.1). A time series of rainfall and runoff data is shown 
in Fig. 3 for Plot 1. Precipitation and runoff were highly 
variable in the five plots and are summarized in Table 2, 
along with runoff coefficients (runoff/rainfall) and the number 
of events over a certain size recorded on an annual basis. The 
annual percentage of hydrologically effective rainfall (i.e. 
Rainfall-Actual Evapotranspiration) measured as surface 

runoff (“overland flow”) was available from earlier studies at 
the site (Watson et al. 2007, Doody et al. 2010) but not for the 
2008–2012 period, and is shown in Table 2. The SMD data 
were calculated using parameters measured from the Site 1 
weather station using the method described above (Schulte et 
al. 2006) and were used to restrict spreading dates in the model 
in scenarios where SMD was used as a limiting factor to 
indicate that conditions were too wet for spreading.

2.4.1.2 Site 2. For Site 2 there were flow data available from 
12 different runoff plots but only one full year of runoff data 
(2012–2013) was available to provide input to the model, so 
the rainfall and runoff data were combined into a single 12 
plot-year (N) time series (see section 2.2.2 for a description of 
the site and the data). On-site rainfall, collected using an 
automatic weather station, totalled 1131 and 953 mm in 2012 
and 2013, respectively. The hydrology of the site is summar-
ized in Table 2 using data from Tuohy et al. (2016) on runoff 
and drainage flow volumes, including the number of runoff 
events observed over the 12 month period.

3 Results

3.1 Scenarios

The results from the different scenarios are presented in 
Table 3 in terms of the change in SRP export predicted 
(annually) relative to either (i) the baseline “NR,” or (ii) the 
NAP scenario (i.e. relative to “NAP”) simulations for appli-
cations of slurry during the OP, the CP, and the entire year. 
The penultimate column shows the number of days in the OP 
that were unavailable for spreading (as a percentage of the 
total number of days in this period, which currently stands at 
257 days under the NAP regulations) when spreading is 
allowed on some days under the limitations imposed by 
regulations in place in that scenario (i.e. the current soil 
moisture and rainfall limitations for the NAP, A10, A30 and 
P30 scenarios, and the more stringent restriction on spread-
ing when SMD = 0 mm in the FC scenario).

The final column in Table 3 shows the number of days in 
the CP available for spreading (as a percentage of the total 
number of days in this period, which currently stands at 
108 days) if the total ban on spreading during this period 
were to be lifted. In these cases spreading would be allowed 
on some days depending on the SMD and rainfall restrictions, 
whereas at present it is completely closed off.

3.2.1 Results for the NR scenario
Figure 4 shows the mean, minimum and maximum annual 
SRP export depending on the date when the application was 
made, for the NR scenario for Site 1 (Fig. 4a) and Site 2 (Fig. 
4b). The annual SRP exports for Site 1 are calculated from the 
20 plot-years of simulation (e.g. the mean, minimum or max-
imum export from the 20 annual totals). For Site 2, SRP 
exports are calculated from the 12 plot years of simulation (e. 
g. the mean, minimum or maximum export from the 12 
annual totals). The entire year is shown, i.e. the exports result-
ing from 365 different application dates between 1 May and 30 
April.

Table 2. Summary of hydrological data from Sites 1 and 2. Values in parentheses 
indicate the range of a particular measurement that was recorded. AET = actual 
evapotranspiration; KSat = saturated hydraulic conductivity; SD = standard 
deviation; RC = runoff coefficient; HER = hydrologically effective rainfall (Pann- 
AET).

Measurement Unit Site 1 Site 2

Mean annual rainfall1 Pann mm 890 1042
AET mm 524 510
KSat (upper soil layer) m d−1 0.2 0.05
Runoff (range) mm year−1 36–131 54–210
Runoff (mean) mm year−1 71 142
Runoff (SD) mm year−1 27 45
RC (range) (-) 0.05–0.13 0.04–0.17
RC (mean) (-) 0.08 0.12
RC (SD) (-) 0.02 0.04
Drainflow (as % total runoff) % N/A 0 (U), 39–54 (D)
Drainflow (as % HER) % 11–35 0 (U), 19–34 (D)
Events (> 5 mm total runoff) (-) 3–5 12

1Mean annual rainfall during the experimental period. 
D = drained plots; U = control plots, which were undrained; N/A = not applicable 

to this site.
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3.2.2 Scenario results – additional scenarios
Figure 5 shows the variation in mean annual SRP export 
depending on the date when the application was made, for 
each of the scenarios described above. The results from the NR 
or NAP scenario are shown for comparison against the sce-
nario(s) being considered. An SRP export of zero on a parti-
cular day indicates that spreading was not possible on that day 
in any of the N plot years according to the restrictions imposed 
by the scenario. These scenarios were explored for Site 1 only, 
and the data in both Figs 5 and 6 are presented in the same 
format as the results for the entire year shown in Fig. 4.

Figure 5c shows results from the scenarios with different 
application rates (A10 and A50). The model results indicated 
that there was a decrease in SRP export under A10 and an 
increase under A50, as expected. Figure 5d shows the results 
from the P30 scenario where the P content of slurry was 

reduced by 30%. The corresponding reduction in SRP export 
was as expected; an additional simulation (results not shown) 
with a 10% reduction in P content indicated that the reduction 
in SRP export was linearly related to the P content.

3.2.3 Open- and closed-period results
Figure 6, using results from the NAP (red lines) and FC scenarios 
(blue lines) (for Site 1 only) separately compares the results from 
the OP (Fig. 6 a and b) and CP (Fig. 6 c and d), each pane showing 
the SRP export from the two scenarios against the baseline NR 
scenario (black lines). The shorter time frame makes it easier for 
comparisons to be made between time periods.

In Fig. 6, the curves show that periods when spreading was 
allowed in at least one plot-year generated a non-zero SRP 
export, and periods when spreading was not allowed (on any of 
these OP and CP days in the 20 plot-years) were allocated zero 

SMD and Rain permit a
Slurry Application?

N
Model simulates SRP 
with application on 
Day i

Annual 
SRP 

Export for 
P.Y. j

Rainfall DataSMD Data
(except for
Scenario“NR”)

DAY i = 1….365

No Application
Report Zero SRP

Exp. for P.Y j

Model Data:
Application
Rate 
+(Scenario
rules)

Load N Plot-Years 
of SMD and 
Rainfall Data

Model Cycles from 
1st May to 30th April

(Day i)1

Cycle through N years
Identify Day i in  P.Y. j

PLOT-YEAR (P.Y.) j = 1….N

On Each Day i

Y

Mean 
SRP 

Export 
for Day i

Sum for all P.Y.s ( j=1..N ) where slurry is applied on Day i

On this Day I in P.Y. j

Figure 3. Schematic flowchart of the model simulation procedure (where “model” refers to Surphos).

Table 3. Results for applications made during the open and closed periods and the entire year for both sites. SRP = soluble reactive phosphorus; OP = open period; CP = 
closed period; The scenarios are as follows: NR = no restrictions (baseline); NAP = Nutrients Action Programme; FC = field capacity; Ax = application rate x; P30 = 30% 
reduction in P content.

Scenario

Mean SRP 
export (kg P 
ha−1year−1)

Mean SRP 
export (OP only) 

(kg P 
ha−1year−1)

Mean SRP 
export (CP only) 

(kg P 
ha−1year−1)

Reduction (OP only) 
relative to NR (%)

Reduction (OP only) 
relative to NAP (%)

Days with with 
restrictions (OP only) (%)

Days 
available 
(CP only) 

(%)

Site 1
Baseline (NR) 0.13 0.086 0.22 – – 0 100
NAP 0.086 0.065 0.14 24.8 – 14.8 66
FC 0.032 0.036 0.023 58.3 44.6 38.7 7.6
A50 0.17 0.14 0.26 −60.9 −114 14.8 66
A10 0.02 0.013 0.035 85.0 80.0 14.8 66
P30 0.06 0.046 0.096 46.8 29.2 14.8 66

Site 2
Baseline (NR) 0.21 0.14 0.38 – – 0 100
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SRP export. Spreading may have been allowed only on 
these specific days of the year in some of the 20 modelled 
plot-years as climatic conditions (rainfall and SMD) were 
different in each year. For the OP, on days when spreading 
was allowed in some of the 20 modelled years in both the 
NAP (red line) and FC (blue line) scenarios, there was a 
non-zero SRP export predicted by the model (e.g. June in 
the OP). During the shoulder period (February) in the FC 
scenario, spreading was not allowed in any plot-year due to 
the restrictions imposed due to low SMD even though it 
was technically part of the current OP. In Fig. 6 this is 
clearly shown by periods with zero values for the average 
annual SRP export.

For the CP, the model still calculated the SRP export as if 
spreading was allowed under the restrictions imposed by the 
scenarios, in order that comparisons could be made both with 
the OP and between the results from the different scenarios 
themselves. In Fig. 6 (lower right pane) zero SRP export (indi-
cated by blue line) for most of the CP indicates that the FC 
scenario has restricted spreading to all but a few dates, which 
were mostly in the second half of October. Comparing against the 
OP from February to mid-October, the restrictions had less 
impact on the SRP export during this period than during the 
CP. The NAP scenario (lower left pane, export indicated by a red 
line) indicated that spreading was possible on nearly all days, but 
due to restrictions in some of the 20 years the average SRP export 

Figure 4. Results from the no restrictions (NR) scenario showing the entire year: mean, (min)imum and (max)imum annual SRP export for each application day for (a) 
Site 1; (b) Site 2.

Figure 5. Results from various scenarios for the entire year, comparing (a) no restrictions (NR) vs. Nutrients Action Programme (NAP); (b) no restrictions (NR) vs. FC; (c) 
export under the NAP scenario vs. scenarios of application of slurry under the current NAP regulations, under different application rates of 10 and 50 m3 ha−1 (A10 and 
A50); (d) export under the NAP scenario vs. a scenario where the P content of slurry was reduced by 30% (P30). Only the mean annual SRP export is shown.
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for spreading on a particular day was calculated to be less than the 
export under the NR scenario. This will be discussed further 
below.

4 Discussion

4.1 Model sensitivity

We investigated the model’s sensitivity to changes in application 
rates and P contents and the results indicate that the sensitivity 
of SRP export was linearly related to both variables, as expected 
from the model’s structure. Reducing application rates and/or P 
contents of slurry therefore provides a simple way of reducing 
SRP export, providing that sufficient P is available to promote 
good pasture health through enabling sufficient grass growth. 
The study of Ferris et al. (2010) highlights the scope to achieve 
such a reduction without compromising animal health. They 
reported that feeding dairy cows a low-P diet of ration P level 
3.6 g P kg −1 Dry Matter (DM) had no significant impact on any 
of the animal health indicators or on milk output or composi-
tion, when compared to a high-P total a diet with a total ration P 
level varying between 4.2 (summer) and 4.9 (winter) g P kg−1 

DM. Following on from this, O’Rourke et al. (2010) demon-
strated that this reduction in the P content of slurry resulted in a 
significant reduction in P loss to water post slurry application.

4.2 Closed period

The presence of a CP reduced SRP export from Site 1 by about 
33% if no restrictions were applied during the rest of the year. 
Having no restrictions during this period resulted in the high-
est average SRP export, with the export during the CP aver-
aging 0.224 kg P ha−1 year−1. Following on from the work of 
Jordan et al. (2012), Shore et al. (2016) found disproportio-
nately high phosphorus export during the CP in five catch-
ments in Ireland, concluding that additional applications of P 

in the form of slurry during this period would increase these 
losses further. While there was evidence of incidental nutrient 
losses due to slurry application just prior to the CP, these 
signals declined over time during this period (Jordan et al. 
2012, Shore et al. 2016). Under the best-case scenario in the 
current study (in terms of mitigation: FC) the SRP export was 
reduced to 0.023 kg P ha−1 year−1, which was a significant 
reduction (90%), but the downside would be that only 7% of 
the days are available for spreading, which are in two sub- 
periods of the CP: late October and early January (Fig. 4). 
Holden et al. (2004) developed a method to estimate the 
probability of safe spreading periods arising on an annual 
basis. They found that safe periods for slurry spreading in 
winter occurred every 3–6 years out of 10. However, based 
on the results presented here there is currently little evidence 
to suggest re-opening this period is viable unless accurate 
rainfall and soil moisture data is available to farmers to identify 
the limited number of safe slurry spreading periods referred to 
by Holden et al. (2004). If the NAP restrictions are enforced, 
then the percentage of available days rises to 66% (compared to 
the FC scenario); however, over the four years of climate data 
analysed there was usually at least one year out of four when 
spreading would not be possible on any date in the CP. The 
66% thus represents the fact that spreading would be allowed 
in some years but not in others. Extending NAP regulations to 
the entire year with no CP is one option that could be explored 
as an alternative to introducing an extended CP. A more 
drastic scenario would be to apply the FC restrictions for the 
entire year, which reduces the annual SRP export further to 
0.032 kg P ha−1 year−1.

4.3 Open period

During a four year study in NI, Doody et al. (2010) highlighted 
the challenges posed in identifying periods suitable for slurry 
spreading during the OP, with soil moisture field capacity 

Figure 6. Results from the (a) Nutrients Action Programme (NAP) and (b) Field Capacity (FC) scenarios compared to having no restrictions for the open period (OP: 1 
February–15 October); and (c, d) for the closed period (CP: 15 October–31 January). Only the mean annual SRP export is shown.
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exceeded on 50% of days in February, and runoff recorded on 
average on 33% of days in May. The current study has demon-
strated that full implementation of the current NAP regula-
tions reduced SRP export (relative to having no regulations) by 
25% or 0.021 kg P ha−1 year−1. In general, the period between 
late May and early August is the most favourable part of the 
OP for spreading based on the Site 1 dataset (Fig. 4), with low 
SRP exports resulting from spreading dates during this period. 
The FC scenario was more than twice as effective as NAP at 
lowering SRP export (by 58%) during the OP. Despite the 
current regulation allowing slurry applications at < −10 mm 
SMD, ideally slurry spreading on many soils in Ireland should 
be undertaken closer to field capacity. Vero et al. (2014) 
investigated the impact of a tractor and slurry tanker on the 
soil density and rut profiles of three Irish soil types at four 
SMD values. They reported that an SMD of 10 mm was the 
threshold for safe slurry spreading in terms of preventing 
compaction. While 10 mm SMD was optimal in terms of 
avoiding compaction, the soils remained trafficable up to an 
SMD of 5 mm, and generally recovered from the effects of 
compaction and yield loss within the subsequent 60 days.

Having no restrictions on spreading during an OP followed 
by a CP would reduce SRP export by a third compared to the 
annual average export from allowing spreading on all 365 days 
with no restrictions (0.086 vs. 0.13 kg P ha−1 year−1). 
Introducing the FC-based restriction on spreading on soils at 
or wetter than field capacity would rule out applications in 
most of February as the ground conditions were too wet (see 
Fig. 6).

4.4 Shoulder periods

The periods before (1–15 October) and after (1–29 February) 
the current CP are often high-risk periods for SRP export. 
During the establishment of the CP in 2006, some evidence 
supported the inclusion of these periods within the CP. 
However, 1–15 October was finally excluded from the CP 
based on the analysis of rainfall and climate data which indi-
cated that the ground conditions in October were suitable for 
slurry application in 11 out of 31 years (35%) (DOE-DARD 
2005). February was excluded from the CP based on strong 
evidence of the positive response of grass to earlier application 
of N in manure, thereby increasing the overall N farm effi-
ciency. However, the difference between allowing a first appli-
cation in February instead of March is not large in terms of 
difference in yield (DOE-DARD 2005). In the current study, 
the SRP export from the NR and NAP scenarios during the 
shoulder periods was 0.16 and 0.11 kg ha−1 year−1, respectively. 
If the CP were extended to include the shoulder period, then 
under NAP regulations the annual SRP export would be 
reduced from 0.065 to 0.056 kg ha−1 year−1 (14%). Reducing 
the P content in slurry by 30% and retaining the current 
regulations reduced SRP export from the shoulder period to 
0.080 kg P ha−1 year−1. It appears that an extended shoulder 
period may not be the best solution if the current NAP regula-
tions are retained, in terms of achieving the greatest possible 
decrease in SRP export; a similar reduction is achievable by 
reducing the P content in slurry by approximately 35% (Ferris 
et al. 2010, O’Rourke et al. 2010).

Based on the results from the FC scenario, most if not 
all of February would be unsuitable for application (if it 
were still open but with more stringent restrictions on 
spreading put in place). Under the current NAP regulations 
spreading during this month is allowed, with tighter 
restrictions on application rate (30 m3 ha−1), and this 
reduces the annual SRP export by about 20% (refer to 
Fig. 5). The evidence from the scenario results of reducing 
SRP export in an autumn shoulder period (from the OP 
graphs in Fig. 5 (upper panes)) would indicate that SRP 
export was still quite high from this period even under the 
FC scenario. Results from the NAP and FC scenarios 
showed the late summer–mid-autumn period is not the 
preferable time for applying slurry, even though it is per-
mitted under the current regulations. Therefore, an 
extended CP including 1–15 October, or even from mid- 
September onwards, would achieve large reductions in 
annual SRP export by eliminating these spreading dates. 
However, the addition of shoulder periods would require 
sufficient slurry storage capacity and would result in 
increased application rates of slurry during the shor-
tened OP.

4.5 Comparison of sites

The range of SRP exports for different application dates at Site 
2 was considerably wider than for Site 1 (ca. 0.01–2 kg P ha−1 

year−1 compared to 0.01–1 kg P ha−1 year−1). The annual 
maximum SRP export was also much higher at Site 2, due to 
the higher runoff compared to Site 1’s plots. For example, the 
maximum SRP export was nearly 2 kg P ha−1 year−1, compared 
to 0.9 kg P ha−1 year−1. The data from the 12 plots at Site 2 
included three replicates of three treatment types (see above) 
(Tuohy et al. 2016), so the variability in runoff shown between 
the 12 plot-years was influenced by the differences in the 
drainage treatments of the groups rather than the climate. 
An interesting finding was that runoff was more variable 
between the 12 plots for one year of climate data (SD 
(RC) = 0.04) than for four years at five different plots at Site 
1 (SD (RC) = 0.025). It is runoff that is the key factor, along 
with the application day, that controls the magnitude and 
timing of SRP export from the Surphos model. This is consis-
tent with previous field- and catchment-scale studies high-
lighting the impact of soil hydrology in determining the 
magnitude and timing of P export (Doody et al. 2012, Jordan 
et al. 2012). There was a surprisingly large difference in P 
export among the 12 plots, as Fig. 3 (lower pane) shows, in 
terms of the range of maximum export of SRP predicted. This 
points to a high degree of spatial heterogeneity between plots, 
which was partially due to the different treatment types, 
although even within groups of three plots (with the same 
treatment) there was considerable variability.

Since there was only one year of climate data from Site 2 
used by the modelling, with a fairly dry spring (an absence of 
significant runoff events from mid-February to April and 
118.3 mm of precipitation recorded in March and April can 
be seen in the lower part of Fig. 3), care must be taken when 
interpreting these results in terms of drawing conclusions on 
the seasonality of P export from the runoff plots at Site 2.
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4.6 Summary

In general, at a plot scale the relationship between P concen-
tration and P export (viz. concentration × runoff per unit 
area) is a complex one due to the influence of various factors 
including runoff potential, soil moisture, seasonality and epi-
sodic-event-driven export (Doody et al. 2010, Thompson et 
al. 2012, Cassidy et al. 2017). Here, the use of a dynamic 
model (Surphos) enables some of these factors to be explored 
in more depth than data analysis alone can provide. Moving 
from the plot scale to the catchment scale, based on a long- 
term study using historical datasets collected over many 
decades, it appears that reducing SRP export from NI catch-
ments from circa 0.6–.8 kg P ha−1 year−1 to 0.28 ± 0.12 kg P 
ha−1 year−1 is required (Jordan et al. 2000). While the figures 
of Jordan et al. (2000) related soil P (not slurry applications) 
to SRP export, they still indicated a very high export from 
these grassland catchments where slurry is frequently applied. 
More recently, using the same long-term data, Barry and Foy 
(2016) commented on the uncertainty as to whether changes 
in P fluxes over time were related to farming practices (e.g. 
the adoption of BMPs) or high levels of agronomic soil P 
(legacy P). However, their comparison between sub-catch-
ments in the Upper Bann and Colebrooke catchments indi-
cated that annual flow-weighted mean concentrations of TP 
and SRP showed strong positive correlations with sub-catch-
ment manure P loadings. In general terms, reducing the 
slurry P load by 30–60% should contribute up to 16% of 
the total reduction required from all sources of P in a typical 
NI agricultural catchment in order to reduce SRP export 
down to levels that should enable compliance with the EU 
Water Framework Directive limits for achieving “Good” sta-
tus. Reducing slurry P must be considered alongside the 
nutritional requirements of livestock ingesting the grass; if 
the grass is not sufficiently nutritious then insufficient nutri-
tion may be ingested by cattle (S. Higgins pers. comm. 
September 2020).

From the Surphos model results the export of P was pre-
dicted to be as high as 0.13 kg P ha−1 year−1 (in surface runoff) 
from unrestricted slurry applications. If we assume that the 
current NAP restrictions are maintained, then the SRP export 
is 0.086 kg P ha−1 year−1, so a reduction of 30–60% of this load 
should contribute up to 16% of the total reduction required 
from all sources of P in a typical NI agricultural catchment.

The adoption of a CP for spreading and also the options 
for extending this period over a “shoulder” period may be, 
in practical terms, restricted by the ability of farmers to 
store slurry in the wetter months for a longer period of 
time, which should lead in turn to policy recommendations 
for additional funding through grants (such as the Targeted 
Agricultural Modernisation Scheme in Ireland) or loans to 
increase slurry storage capacity on livestock farms. Farms 
should have an additional four weeks’ spare capacity based 
on the length of the current CP (approximately 16 weeks), 
especially as in reality, with poor management practices 
such as dirty water from dairy operations, silage effluent 
and rainwater entering the slurry tanks, this excess capacity 
may be reduced significantly in practice. The situation of 
the farmers then having full tanks when the CP ends and 

having to spread slurry on waterlogged fields at the start of 
the OP irrespective of rainfall and SMD constraints is 
clearly undesirable. There may also be extended periods of 
bad weather in February or early October where cattle will 
have to remain housed indoors that will also lead to fuller 
tanks at the start of the OP and start of the CP, respectively.

5 Conclusions

The use of a physically based model, Surphos, to predict P losses 
following slurry applications has been trialled in Irish hydro-
logical conditions and found to perform satisfactorily compared 
against field data obtained from two contrasting sites. There was 
considerable variability in runoff at the second site where only 
one calendar year of data was available for testing the model. 
This highlights the spatial variability in runoff from drained 
agricultural soils due to local factors, which varied across even 
a very small distance. The Surphos model has been applied to 
investigate multiple scenarios of different timings and rates of 
slurry P applications. These scenarios showed that, in general, 
the model predicted that changes in soluble P export would be 
proportional to any changes in P inputs.

The current NAP regulations in NI are effective in redu-
cing soluble P lost post slurry application to temperate grass-
lands. The current evidence base supports the use of a closed 
period as the most effective strategy for minimizing the risks 
associated with slurry spreading from 15 October to 31 
January. Removal of the closed period and its replacement 
with the current NAP regulations (i.e. restricting applica-
tions based on soil moisture and rainfall conditions) will not 
sufficiently mitigate the risk associated with slurry applica-
tions during this period. Such information is not currently 
available to farmers and would require a significant 
improvement in the current resolution of meteorological 
data across the whole of Ireland. Mitigation strategies such 
as restrictions on application rates and reducing the P con-
tent of slurry will reduce losses during high-risk periods 
without the need to extend the current closed period any 
further.
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