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Abstract. This study reports the use of high-resolution water

quality monitoring to assess the influence of changes in land

use management on total phosphorus (TP) transfers in two

5 km2 agricultural sub-catchments. Specifically, the work in-

vestigates the issue of agricultural soil P management and

subsequent diffuse transfers at high river flows over a 5-year

timescale. The work also investigates the phenomenon of low

flow P pollution from septic tank systems (STSs) and mitiga-

tion efforts – a key concern for catchment management. Re-

sults showed an inconsistent response to soil P management

over 5 years with one catchment showing a convergence to

optimum P concentrations and the other an overall increase.

Both catchments indicated an overall increase in P concentra-

tion in defined high flow ranges. Low flow P concentration

showed little change or higher P concentrations in defined

low flow ranges despite replacement of defective systems and

this is possibly due to a number of confounding reasons in-

cluding increased housing densities due to new-builds. The

work indicates fractured responses to catchment manage-

ment advice and mitigation and that the short to medium term

may be an insufficient time to expect the full implementation

of policies (here defined as convergence to optimum soil P

concentration and mitigation of STSs) and also to gauge their

effectiveness.

1 Introduction

With the introduction of the European Union (EU) Water

Framework Directive (OJEC, 2000), and similar interna-

tional legislation that seeks to improve and maintain the wa-

ter quality of rivers, lakes and coastlines, assessing the mag-

nitude of nutrient losses from agricultural catchments has

become a priority (Cherry et al., 2008). Phosphorus (P) is

particularly related to eutrophication problems in freshwa-

ters and is prioritised in certain states for mitigation (Wall et

al., 2011; Hirsch, 2012). Despite this requirement, an equally

important need is to maintain a healthy agri-economy which

depends on P inputs to catchments.

The P transferred from agricultural catchments can be

from diffuse and/or point sources and in recent years the

role of septic tank systems (STSs), as rural point sources, has

been identified in elevating low flow P concentrations (With-

ers et al., 2012, 2014). The flow paths taken from source to

impact point are affected by the complexity of catchments

at both temporal and spatial scales (Turcotte, 1997; Kirchner

et al., 2004) resulting in river P that has dependencies and

signals according to hydrological conditions (Jordan et al.,

2007a).

Low-resolution grab sampling for chemical parameters re-

mains the norm for most river monitoring programmes, at

least in the European Union (EU) (Bowes et al., 2009). How-

ever, it is recognised that in order to completely understand

the full range of river chemical signals, which are influ-

enced by catchment processes and entrained in the range

of river discharges, higher resolution monitoring is preferred

(Palmer-Felgate et al., 2008; Harris and Heathwaite, 2012).

The use of bankside analysers is a relatively recent stepped

change in technology for high-resolution P monitoring of

both diffuse and point source signals. Jordan et al. (2005a,

2007a) used this technology in the border area of Ireland

to provide a typology of river P transfers. Arnscheidt et

al. (2007) used data from the same sub-catchments to de-

fine the sources of low flow P transfers. Several other studies

have also used bankside analysis to define the magnitude of

P transfers from point and diffuse sources at diurnal, event,
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seasonal and annual scales (Palmer-Felgate et al., 2008; Mel-

land et al., 2012; Wade et al., 2012; Donn et al., 2012).

However, despite these innovations and increased under-

standing of P dynamics in rivers, there has been no reported

use of high-resolution data sets to monitor the influence of

catchment change on river P patterns. Other workers, using

coarser resolution data, have proposed Load Apportionment

Models to determine changes in the proportions of point

and diffuse P transfers using assumptions based on relation-

ships between discharge and P concentration (Greene et al.,

2011). Major limitations of this method include the reliance

on sparse concentration data at the high end of discharge

records (Bowes et al., 2008).

In this investigation, a method is used to detect catch-

ment change influences on P transfer which integrates all

the discharge-P concentration patterns that might occur, in

toto, during different stages of river discharges including low

and storm flows. The method is applied to a 5-year P and

discharge data set in two agricultural sub-catchments which

were subject to a series of voluntary (soil P) and mandatory

(closed periods for fertiliser/slurry application) management

regimes and changes to STSs and monitored between 2006

and 2011. This study sought to assess if there was an im-

provement in chemical water quality in the sub-catchments

as a result of changes in management regimes and the imple-

mentation of a series of mitigation measures.

Study area

The study areas for this project were two 5 km2 sub-

catchments in Co. Monaghan and Co. Tyrone in the Irish

border area (Fig. 1). These are situated on two major trib-

utaries, the Mountain Water and Oona Water, (respectively)

of the Blackwater River, which has a cross border catch-

ment (1480 km2). The Blackwater is the largest catchment of

the six rivers which flow into the hypertrophic Lough Neagh

(Griffiths, 2007).

Land use is 90 % agricultural with mixed livestock

(beef, dairy and sheep enterprises in order of importance)

(Land cover 2000 classification) and a stocking density of

1.5 LU ha−1 (livestock unit per hectare). The sub-catchments

had a rural population density in 2005 of 13.8 and 3.4 house-

holds km−2 in Co. Monaghan and Co. Tyrone, respectively,

with an average household size of 3 persons (Arnscheidt et

al., 2007).

The underlying geology is mostly Carboniferous (Dinan-

tian) sandstones, limestone, shale and mudstones (Cruick-

shank, 1997) overlaid by a till of pro-glacial boulder

clay forming drumlins and Rogën moraines (Knight et

al., 1999). These boulder clays effectively inhibit surface

and ground water interactions resulting in isolated aquifers

(O’Dochartaigh, 2003). Soils are, therefore, poorly drained

with a seasonally perched water table resulting in winter sat-

uration excess overland flow following heavy rains (Kane,

2009). The rainfall in both catchments is 800–1200 mm yr−1,

Figure 1. Map of Northern Ireland and part of the Republic of Ire-

land showing the Lough Neagh catchment and location of Co. Ty-

rone (T) and Co. Monaghan (M) study areas.

the upper end of which is above average for this part of

Ireland, based on the current 30-year average (Met Eirann,

Clones, Co. Cavan).

The hydrology of the soil is driven by high run-off rates,

low water storage capacity, perched water tables and low per-

meability (Jordan et al., 2007b). These hydrological factors

combine to create fast run-off pathways during storm events

leading to increased diffuse pollution risk. In addition to this,

the lack of water storage capacity suppresses summer base

flows and increases point source pollution risk.

2 Methods

2.1 Surveys

Three surveys were conducted in this study; soil P status and

changes, which were subsequently mapped; septic tank sys-

tem changes; and P concentration delivered to stream sys-

tems using a semi-continuous high-resolution approach.

2.2 Soil phosphorus surveys

Between December 2004 and February 2005 composite

soil samples were taken from 170 fields in the Co. Mon-

aghan sub-catchment and 276 fields in the Co. Tyrone sub-

catchment, following a reasonable period since the appli-

cation of organic/inorganic fertiliser to ensure soil P equi-

librium (6 weeks: Agbenin and Tiessen, 1995); this repre-

sented 62 and 69 % by land area, respectively. The com-

posites consisted of thirty sub-samples that were randomly

extracted to 7.5 cm depth from each field using a soil corer

and across a “W” pattern in order to allow for heterogeneity

of soil nutrient status at intra-field scale, but avoiding areas

where animals would have sheltered or congregated close to
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feeding troughs. The composite samples were prepared for

analysis by air drying and sieving through a 2 mm mesh.

Plant available Olsen-P concentrations were determined on

5 cm3 samples in both catchments and, in accordance with

standard soil P testing methods for the Republic of Ireland

in Co. Monaghan, plant available Morgan-P concentration

(Olsen et al., 1954; Morgan, 1941). Nutrient management

plans were provided to farmers on a field basis and based

on respective requirements for optimum grassland agricul-

ture in each catchment and jurisdiction (equivalent to SI 31,

2014 and SRNI 488, 2006). Of the farmers participating, for-

mal nutrient management plans were either a new concept or

had been previously provided at the very coarse scale with

several field blocks integrated as single land use units.

Between December 2009 and February 2010 a percentage

of the same fields was resampled and analysed to assess any

change in soil nutrient concentration subsequent to nutrient

management recommendations. Sampling fewer fields was

necessary due to budget and time constraints. The resam-

ple percentage size was determined using an a priori Monte

Carlo power analysis, using a 5 % possible change as a realis-

tic value based on the time between samples and a zero P ap-

plication rate (Watson et al., 2007), to compute the minimum

sample size required to be confident in detecting a change

in soil concentration. Therefore, 91/170 and 143/276 fields,

approximately 53 % of the original number, were re-sampled

in Co. Monaghan and Co. Tyrone, respectively.

The soil nutrient data were mapped using GIS (Ar-

cGIS v10) and calculations made of the length of stream

in each catchment which was potentially impacted by bank-

side soils with P concentrations which were well above the

Olsen agronomic optimum i.e. soils at index 4 > 45 mg P L−1

(according to RB209; MAFF, 2000). Such sites, recognised

as having a high P transport potential, are known as critical

source areas (CSAs) and, although they may have a low pro-

portion of the catchment area, can contribute a majority of

annual P loss (Sharpley and Reikolainen, 1997).

2.3 Septic tank system surveys

In a companion study, STSs were surveyed, ranked and a sub-

set chosen for mitigation. The results of this study are largely

reported by Macintosh et al. (2011) although the Co. Tyrone

catchment and a more detailed analysis are included (with

the Co. Monaghan catchment) in the present study.

2.4 Water quality

In 2005 Hach-Lange Phosphax and Sigmatax bankside anal-

yser stations were installed in kiosks at the outlet of the

sub-catchments (Jordan et al., 2005a). The bankside anal-

yser takes a 100 mL sample and determines total phospho-

rus (TP) on a default 20 minute cycle. The sample is ho-

mogenised with ultrasonic pulses for approximately 120 s be-

fore a 10 mL sub-sample is extracted and superheated with

sulfuric acid and sodium peroxydisulfate. The TP concentra-

tion is then determined photometrically using the method of

Eisenreich et al. (1975). Regular calibration and analytical

checks were carried out in conjunction with the automated

analysis and weekly maintenance was carried out to ensure

optimum suite performance (Cassidy and Jordan, 2011). De-

tails of a quality control study were also included in the

present investigation with TP samples analysed in the labo-

ratory from stream samples immediately adjacent to the Sig-

matax intake and also samples from the Sigmatax homogeni-

sation jar (prior to Phosphax sub-sampling). These tests were

designed to test the robustness of both the Sigmatax sample

collection stage and also the Phosphax digestion and colori-

metric stages. Total P was deemed an appropriate parameter

for analysis in these catchments as previous studies had high-

lighted a process of fast entrainment of soluble P to particu-

late P owing to high iron and aluminium sources and trans-

fers (Jordan et al., 2005b; Douglas et al., 2007).

River discharges were recorded using an OTT Thalimedes,

measuring stage height at 1 min intervals and recording the

average over 15 mins. Stage heights were converted to dis-

charge (m3 s−1) using a rating curve that was constructed for

each stream by measuring discharge over a range of stage

heights above controls using the velocity area method. Ve-

locity was measured using an OTT Nautilus electromagnetic

flowmeter and a Streampro ADCP. Rainfall was monitored

at both sites using an ARG-100 gauge but not over the full

record in Co. Monaghan.

2.5 Data analysis

Having determined normality of the soil test P data, all

changes in potential soil P test concentration were as-

sessed using a two-tailed matched pair t test. Olsen-P re-

sults were compared based on whole catchment, farm block,

soil P index and individual field status. The assumption

here is that, as no P fertiliser was being applied to fields

where there was found to be an excess in the 2005 test-

ing, both catchments would see a reduction in soil P con-

centrations and a convergence on an optimum index equiv-

alent to Olsen 16–25 mg P kg−1 (Morgan 5–8 mg P L−1).

The indices considered were 0 (0–9 mg P kg−1), 1 (10–

15 mg P kg−1), 2 (16–25 mg P kg−1), 3 (26–45 mg P kg−1)

and > 4 (> 46 mg P kg−1).

The data from the bankside analysers in both catchments

for the five hydrological years (determined as two water-half

years), April 2006–March 2011, were extracted and, prior

to analysis, were screened. Erroneous values were removed

and the completeness of the data was determined. Once the

data for each year had been cleaned hourly averages for each

parameter were calculated and load (kg P ha−1) was reported

as a product of the hourly discharge and its associated TP

concentration.

The discharge data from the continuous time series were

ranked and the discharge ranges for each catchment were ex-
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tracted from Q5–Q95 in a flow-duration curve. The method

of comparison over the 5-year period was to identify similar

discharge ranges in each year corresponding to the discharge

range, and extract the concurrent P concentration data. Fol-

lowing tests of normality (Lloyd et al., 2014), the mean

and variance of TP concentrations, for each discharge range,

were compared in a year on year basis by one-way ANOVA

in order to determine the magnitude and significance of any

change.

Low and extreme-low flow P concentration changes were

investigated in Q90–Q80 and Q95–Q90 discharges ranges, re-

spectively. These ranges, below which for example, 20 % of

the record fell, were deemed most likely to show a TP influ-

ence from rural point sources (Withers et al., 2012). Addi-

tionally, previous studies on the catchments (Douglas et al.,

2007) had shown that > 70 % of the annual P load can occur

at Q10 or greater; the infrequent high flows above 90 % of

the record. For this reason part of the study focuses on the

Q50 and above, the higher flows above 50 % of the record,

during which the majority of the annual P load were deemed

to be delivered from the catchments. These were extracted as

Q40–Q50, Q20–Q30 and Q5–Q10 discharges.

As total annual P load is highly influenced by annual dis-

charge (Edwards and Withers, 2007), which varies with cli-

mate (rainfall) variability, it was assumed that this metric (an-

nual P load) would be an unreliable predictor of change if

catchment mitigation strategies had influenced P in run-off

in the short term. Nevertheless, the metric was calculated so

the overall magnitude, and subsequent downstream risk, of

these sub-catchment P exports could be compared with oth-

ers.

3 Results

3.1 Soil phosphorus changes

When soil P concentrations were compared for each sub-

catchment (Table 1a and b) the fields in Co. Tyrone showed a

small and non-significant increase in Olsen-P concentration

across all soil indices (expressed using the Olsen data) be-

tween 2005 and 2010, whereas an increase in Co. Monaghan

was larger and significant; 1.6 mg P L−1 (P = 0.1, n= 143)

and 5.7 mg P L−1 (P = 0.9× 10−4, n= 91) in Co. Tyrone

and Co. Monaghan, respectively.

On an index basis in Co. Tyrone over the 5-year pe-

riod, the index 1 and 2 fields showed a significant in-

crease in mean P concentration from 16.28 to 22.24 mg P L−1

(P = 0.161× 10−10, n= 78). However, when all fields with

2005 concentration > 26 mg P L−1 (index 3 and above) were

analysed for change there was a significant decrease from

41.8 to 37.7 mg P L−1 (P = 0.008, n= 65). When only

fields with a 2005 concentration > 46 mg P L−1 (index 4 and

above) were considered there was also a significant mean de-

crease from 56.0 to 48.9 mg P L−1 (P = 0.045, n= 30).

Table 1. Summary of change in Olsen-P concentration for all

soil indices in the Co. Tyrone (a) and Co. Monaghan (b) sub-

catchments.

Catchment Olsen-P Mean change Matched pairs No. of

index in Olsen-P two tailed fields

conc. mg P/L t test

P value

(a)

Co. 1, 2, 3, 4 1.6 0.1 143

Tyrone 1, 2 5.96 1.61× 10−9 78

3, 4 −4.1 0.008 65

4 −7.2 0.045 30

(b)

Co. 1, 2, 3, 4 5.7 0.9× 10−4 91

Monaghan 1, 2 7.1 0.8× 10−3 32

3, 4 4.5 0.01 59

4 4.9 0.033 27

The Co. Monaghan soil P changes reflected the same pat-

tern as Co. Tyrone in the lower index fields 1 and 2; there

was a significant increase from a mean value of 19.8 to

26.9 mg P L−1 (P = 0.8× 10−3, n= 32). Unlike Co. Tyrone,

however, the higher index fields in Co. Monaghan showed

an increase in mean concentration. For example, between

2005 and 2010 the mean concentration rose significantly

from 46.2 to 50.7 mg P L−1 for index 3 and above (P = 0.01,

n= 59). When only index 4 and above fields were consid-

ered there was a mean increase of 56.4 to 61.3 mg P L−1

(P = 0.033, n= 27).

3.2 Critical source areas

Despite both catchments having the same area (5 km2) and

similar agricultural management, the soil survey carried out

in 2010 determined that the percentage of fields in the

Co. Monaghan sub-catchment with index 4 and above was

higher than in Co. Tyrone. Furthermore, the adjacent loca-

tion of these high index fields in relation to the stream net-

work (Fig. 2a and b) was higher in Co. Monaghan (2552 m

of the 36852 m total stream network – 6.9 %) than Co. Ty-

rone (724 m of the 19375 m total stream network – 3.7 %)

(Table 2).

3.3 Phosphax quality control

The results of the quality control investigation of the Sig-

matax and Phosphax stages are shown in Fig. 3. The sub-

samples extracted from the homogenisation jar prior to the

Phosphax stage, and analysed using standard laboratory tech-

niques, are in very close agreement (b= 0.97; R2
= 0.98)

with the Phosphax measurements. This is essentially the

same parcel of sampled water analysed by two techniques

but using the same method (acid digestion and colorimetry)

and indicating 97 % recovery. The same Phosphax measure-
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Table 2. Length of stream network potentially impacted in each catchment by Olsen-P index 4 fields (critical source areas).

Sub-catchment Percentage Length of Length of Percentage

of catchment stream network stream network stream network

fields Olsen-P (m) impacted by impacted by high

index ≥ 4 high index index fields

fields (m)

Co. Tyrone 21 19 375 724 3.7

Co. Monaghan 29 36 852 2552 6.9

Figure 2. Location of index 4 fields in the Co. Tyrone (a) and

Co. Monaghan (b) sub-catchments (dashed lines) showing their

proximity to the stream network (black lines).

ments compared with samples taken adjacent to the Sigmatax

intake show a small deviation (b= 88; R2
= 0.97) from unity.

This deviation may be due to either each method not directly

sampling the same parcel of moving water and/or due to loss

of material in the transfer of water from the Sigmatax intake

to the Sigmatax jar – a horizontal length of 10 m and a ver-

tical height of 2 m – as noted in other automatic sampling

methods (Clarke et al., 2009).

Figure 3. Quality control check on the Phosphax colorimetry pro-

cess (closed symbols) and the Sigmatax sampling followed by the

Phosphax colorimetry process.

3.4 High-resolution data analysis

There were some periods of data loss during the course of

this study due to extreme weather conditions and instrument

failure as a result of interruptions to power supply or break-

down (Table 3). However, up to 99 % of TP records were

recorded. Nevertheless, in Tyrone the final year’s data ends

on 21 January 2011 due to extreme freezing conditions and

so this full year is incomplete for this catchment.

Despite this, the nature of the time series data of this study

is of a resolution that all states of hydrological discharge,

including storm flow, had been captured by the data set.

This means that, within every discharge range, rising, falling

and peak discharge states are integrated, with each discharge

range containing several hundred data points.

The time-series discharge, TP concentration and cumula-

tive load for both catchments (Figs. 4 and 5) clearly show the

lower base flows in Co. Monaghan sub-catchment compared

with Co. Tyrone and also the larger increases in cumulative

TP load (in Co. Monaghan) with seasonal storms, indicative

of a flashier catchment.
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Figure 4. Time-series charts for discharge (a), TP concentration (b) and cumulative TP load and cumulative discharge (solid line) (c) from

2006–2011 in the Co. Tyrone sub-catchment. Discharge ranges (Q50, Q40, Q30, Q20, Q10 and Q5) are shown on the discharge time series

as dashed lines.

Table 3. Completeness of discharge and TP data for both catch-

ments from 2006–2011.

Tyrone Monaghan

% of data recorded for year % of data recorded for year

Year Discharge TP Discharge TP

2006–2007 100 87 100 94

2007–2008 100 86 100 99

2008–2009 100 91 91 91

2009–2010 97 80 100 90

2010–2011 78 54 100 77

Flow duration curves (Fig. 6) show that the Co. Ty-

rone sub-catchments had consistently higher discharges than

Co. Monaghan up to approximately Q20 (0.113 m3 s−1).

Although the total annual discharges from the catchments

were not significantly different (P < 0.05) the P loads in the

Co. Monaghan sub-catchment were more than double those

from Co. Tyrone highlighting TP concentrations differences

in these similar discharges (Table 4).

For both catchments the highest TP load was in

2009/2010; in the Co. Tyrone sub-catchment this was also

the year with the highest discharge but in Co. Monaghan the

highest discharge was in 2006/2007, the year with the high-

est recorded rainfall (1299 mm).

Total P concentration, load and discharge distributions for

the Q40–Q50, Q20–Q30 and Q5–Q10 discharge ranges over

the 5 years showed that both catchments had a significant

increase in TP concentration at the higher flows (> Q10) be-

tween 2006 and 2011, although there were some small de-

creases in concentrations at Q40–Q50 and Q20–Q30 in both

catchments in the interim years (Table 5a and b).

The high load from the catchments in 2009 does not appear

to be linked to the frequency of high flow events, as events

of Q20 and above are no more frequent in this year than

any other from 2006–2011. Additionally, the rainfall in 2009
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Figure 5. Time-series charts for discharge (a), TP concentration (b) and cumulative TP load and cumulative discharge (solid line) (c) from

2006–2011 in the Co. Monaghan sub-catchment Discharge ranges (Q50, Q40, Q30, Q20, Q10 and Q5 are shown on the discharge time series

as dashed lines.

Table 4. Annual discharge and TP load from catchments 2006–

2011.

Year Tyrone Monaghan

Discharge, TP load, Discharge, TP load,

mm kg P ha−1 mm kg P ha−1

2006–2007 711 1.35 944 3.18

2007–2008 574 1.17 828 3.74

2008–2009 637 1.73 564 2.55

2009–2010 809 2.12 814 3.98

2010–2011 439 0.89 494 1.50

Total 3170 7.26 3644 14.94

was only the second highest recorded throughout the study

(1123 mm) but when the timing of the rainfall for this year

was analysed it was noted that the summer of 2009 (323 mm)

was considerably wetter than 2006 (209 mm). This persistent

rainfall would have constantly wetted the ground and may

have resulted in continued saturation of fields particularly at

times of year when fields are actively managed.

Results for the low flow analysis were confounded as, al-

though there had been a strategic replacement of four and

eleven, older and potentially polluting septic tank systems in

Co. Tyrone and Co. Monaghan, respectively, there had also

been an increase in household density in both catchments

since 2005. Co. Tyrone households had increased from 3.4 to

4.2 km−2 in 2010 and Co. Monaghan from 13.8 to 17.2 km−2

in 2010 (Arnscheidt et al., 2007; Macintosh et al., 2011).

The pair-wise comparison analysis of yearly concentra-

tions of the low and extreme low discharges (Q80−90 and

Q90−95), in Monaghan showed there was a significant in-

crease in TP concentration between 2006 and 2010 for Q90–

Q95, from 0.120 to 0.148 mg P L−1 (Table 6). For Q80–Q90

there was a significant decrease in TP concentration between

2006 and 2010, from 0.183 to 0.155 mg P L−1. The same
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Table 5. Mean TP concentrations at stated discharges (Q ranges based on Flow Duration Curve analysis) in Tyrone and Monaghan sub-

catchments from 2006 to 2011 showing significance of change in concentration from the initial 2006 concentration (significant at ≤ 0.05

value).

Year Discharge range Tyrone

Q40−50 Q20−30 Q5−10

Mean TP Sig. of Mean TP Sig. of Mean TP Sig. of

concentration, change concentration, change concentration, change

mg TP L−1 mg TP L−1 mg TP L−1

(a)

2006–07 0.094 0.118 0.152

2007–2008 0.109 0.503 0.115 1.000 0.204 0.001

2008–2009 0.089 1.000 0.103 0.058 0.227 < 0.001

2009–2010 0.152 < 0.001 0.162 < 0.001 0.280 < 0.001

2010–2011 0.097 1.000 0.103 0.226 0.214 0.001

(b)

2006–2007 0.190 0.189 0.228

2007–2008 0.171 0.026 0.180 0.575 0.276 < 0.001

2008–2009 0.151 < 0.001 0.179 0.382 0.280 < 0.001

2009–2010 0.157 < 0.001 0.208 0.012 0.391 < 0.001

2010–2011 0.171 0.050 0.171 0.026 0.330 < 0.001

Figure 6. Flow duration curves for streams in Co. Tyrone (2006–

2011) and Co. Monaghan (2006–2011).

analysis in Tyrone showed there was an initial significant in-

crease between 2006 and 2008 for Q90–Q95 but no overall

change between 2006 and 2010. For Q80–Q90 there was a

small, significant increase from 2006 to 2010 from 0.122 to

0.133 mg P L−1. The changes are small and there is perhaps a

risk of including instrument and sample “noise” in the com-

parisons; however, the comparisons are also made on filtered

data based on an average of three data-points per hour which

should give confidence in the statistical tests used.

Table 6. Pairwise comparisons between years for TP concentra-

tions. The mean difference is significant at the 0.05 level (∗), with

TP as the dependent variable.

(I ) Year (J ) Year Mean 95 % (I ) Year (J ) Year Mean 95 %

confidence confidence

difference difference

(I–J ) (I–J )

Mon. 2007 0.099∗ Tyrone 2007 0.002

2006 2008 0.024∗ 2006 2008 0.049∗

Q90−95 2009 0.016∗ Q90−95 2009 0.017∗

2010 0.028∗ 2010 0.000

Mon. 2007 0.002 Tyrone 2007 −0.018∗

2006 2008 −0.037∗ 2006 2008 0.027∗

Q80−90 2009 −0.058∗ Q80−90 2009 0.014∗

2010 −0.028∗ 2010 0.010∗

4 Discussion

Soil nutrient status data is an important inventory of man-

agement within catchments (Maguire and Sims, 2002) and

was one of the metrics used to assess the effectiveness of the

best management practice measures for diffuse P mitigation

throughout this study. The results from the Co. Tyrone catch-

ment indicate that significant soil P source status reductions

in the index 4 high risk category were achievable within the

5-year time frame of this study and are indicative of a con-

vergence to optimum soil P status (index 2: 16–25 mg P L−1)

in this catchment. In Co. Monaghan the picture is less clear

with an overall increase in Olsen soil P across all indices,
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including the high risk category. Reasons for this increase

in Co. Monaghan are unclear, and, in similar catchments,

further assessment may be needed on issues such as resis-

tance to advice (Falconer, 2000), insufficient spreadlands on

smaller farm holdings (Carton and Magette, 1999; Buckley

and Fealy, 2012), intensification and/or land use change (Ed-

wards and Withers, 1998; Jarvie et al., 2010).

Within both sub-catchments there appeared to be a frac-

tured or inconsistent relationship between any changes in soil

P nutrient status and those in run-off concentration at this

time scale. Previous studies have sought to determine the re-

lationships between input and impact; the Phosphorus Trans-

fer Continuum concept proposed by Haygarth et al. (2005)

suggests that the amount of P lost from soils is actually less

than 5 % of that applied annually and that high soil test P con-

centrations alone do not necessarily predict potential for loss

of P. While it is possible to improve chemical water quality

almost immediately at low flows following removal of a point

source input in river catchments (Jarvie et al., 2006; Withers

et al., 2014), due to historic reserves of P in sediments and

soil, the time it will take for improvements in water qual-

ity from diffuse sources to occur may be difficult to estimate

(Meals et al., 2010; Schulte et al., 2010). This fractured re-

sponse is shown by assessment of the influence of changes

in the sub-catchments on diffuse nutrient transfer which on

the one hand did not reflect the reductions made in soil P sta-

tus of the Co. Tyrone sub-catchment but, on the other hand,

were more indicative of the soil P increases seen in Co. Mon-

aghan. It may, however, be that any reductions in P transfer

from diffuse sources have been offset by P losses as the re-

sult of, for example, bank erosion. A study by Kronvang et

al. (2005) showed that this process could contribute 17–25 %

of the P load from a catchment and so any reductions as a

result of decreases in soil test P may not be seen.

Improvement in water quality by reducing point source

inputs, although straightforward in principle, was found in

this case to be more complicated in practice. Despite the

mitigation measures introduced to the catchments, the Q80–

Q90 and Q90–Q95 results in Counties Tyrone and Monaghan

suggest that few improvements to point source inputs to the

streams have taken place. Whether this is due to the improve-

ments not including the STSs which were actually those im-

pacting on the streams, or additional systems offsetting any

improvements which would otherwise have taken place, is

hard to determine.

Arnscheidt et al. (2007) stated that there was a significant

correlation in the two catchments between STS condition and

density, and low flow TP concentration. The increase in STS

density in Tyrone from 3.4 to 4.6 km−2 may, therefore, have

had some impact on the P concentrations in the catchment

during the post mitigation period. Despite the Monaghan

tank density also increasing, from 13.8 to 17.2 km−2, there

was no significant increase in TP concentration.

Changes in the overall annual sub-catchment TP loads as

a result of any improvements to STSs would not be expected

to be significant in this study as the changes which could

potentially be achieved would be too small.

Although it was proposed that annual TP load would not

be the optimum metric for assessing change in catchment

water quality, it is, however, a useful measure when com-

paring catchment with catchment. For example, TP loads

from the grassland catchments of this study were 0.89 to

2.12 kg P ha−1 and 1.50 to 3.98 kg P ha−1, in Co. Tyrone

and Co. Monaghan, respectively. These are high in rela-

tion to two arable catchments in Ireland reported by Mel-

land et al. (2012) which had TP loads ranging from 0.12 to

0.83 kg P ha−1 but are similar to TP loads observed in Danish

arable catchments by Kronvang et al. (2005) which ranged

from 0.5 to 5.8 kg P ha−1. Both sub-catchments of this study

are the same area (5 km2) yet it is clear from the results that

the loads from Co. Monaghan are consistently almost double

those from Co. Tyrone – even accounting for missing data in

the last year of the study.

High soil test P concentration in near stream fields is

known to impact on P transfers to the stream during rain-

fall events which cause overland and sub-surface flow (Gbu-

rek, 2000). GIS analysis showed that the Co. Monaghan sub-

catchment had a larger percentage of high index fields (≥ 4)

and also a greater length stream network adjacent to these

fields (Fig. 2a and b). These fields, which can be classified

as CSAs using the broadest definition (high soil P and low

flow-path length) (McDowell and Sharpley, 2003), may have

been the source of the higher load delivery in the Co. Mon-

aghan catchment. The Co. Monaghan catchment was also de-

termined to be flashier than Co. Tyrone, having lower base

flows and periodically higher storm flows. The longer stream

length in the Co. Monaghan sub-catchment would also in-

crease risk of P transfer from bank erosion (Kronvang et al.,

2005).

Although CSAs are now being recognised as major

sources of nutrient and other pollutant transfers from land

to water they are not specifically targeted within any of the

directives pertaining to the Water Framework Directive or

daughter directives at least at farm and field scale (Wall et

al., 2012). This omission is also critically reviewed in more

recent studies (Doody et al., 2012; Thompson et al., 2012).

The increased source and transport pressures from the

Co. Monaghan sub-catchment can, therefore, be determined

as a main factor in the increased load from this catchment.

In order to reduce these pressures, and therefore the potential

for loss, a policy of reducing inputs should be continued. In-

deed, the P regulations in both Irish jurisdictions do promote,

inter alia, convergence to optimum soil P ranges. In support

of the policy, a long term catchment study in Norway showed

that a reduction in P inputs as a result of change in soil man-

agement could produce a decrease in run-off P concentration

with time; although there could be a considerable time lag

between implementation and improvements from P saturated

soils (Bechmann et al., 2008) and this is noted by Schulte

et al. (2010) for Irish soils. However, even with a reduction
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in source pressure, the flashier hydrology of the Co. Mon-

aghan catchment will likely continue to drive nutrient trans-

fers more so than Co. Tyrone. This was also noted in similar

catchments by Jordan et al. (2012), and will most likely mean

that lag effects will be longer.

The two wettest years were 2006 (1299 mm) and 2009

(1123 mm) with the latter associated with the highest TP

loads but with the summer of 2009 being more than 50 %

wetter than 2006. When the timing of the rainfall events in

both years, 2006 with the most storms and 2009 with the

highest loads, was analysed it was determined that the major-

ity of major storm events (> Q5) in 2006 occurred between

30 October and the 30 January, with no storm discharges

at all between May and September of that year; only 4 h

of Q5 discharges were recorded in the Co. Monaghan sub-

catchment outside of this period for this year. In 2009, how-

ever, there were frequent Q5 flows throughout the summer

with the maximum flow for Tyrone for that year recorded on

20 August (5.2 m3 s−1). The small percentage of Q95 flows

for this year, especially in the Co. Tyrone sub-catchment, in-

dicated that run-off from the land was sufficient to maintain

the stream above extreme (5-year) baseflow for over 99 % of

the year. This is indicative of there being sufficient precipita-

tion to maintain fields in a constantly wetted state throughout

the year.

The Co. Tyrone and Co. Monaghan sub-catchment re-

sponse in 2009 to this persistent rainfall throughout the entire

year resulted in the highest TP load and also, importantly, the

highest TP concentration for the Q5−10 discharges over the

5 years. From this the data indicate that antecedent weather

conditions can add to the potency of any rainfall event’s im-

pact on catchment water quality at subsequently higher dis-

charges (as proposed by Kirchner et al., 2004; Neal et al.,

2012). This finding adds to previous studies (Turner and Hay-

garth, 2001; Styles and Coxon, 2006) where, at laboratory

scale, dry soils when wetted were found to release more TP

than persistently wet soils. However, this study showed that

at larger scales, and in these particular catchments, already

wet soil has greater potency for TP transfer during storm

events. This is due to sustained wetting (prolonged events

maintaining saturation excess flows and an increase in effec-

tive rainfall) and, in particular, during periods which may co-

incide with nutrient management and incidental losses during

the summer.

5 Conclusions

This study used high-resolution TP monitoring in two catch-

ment streams to assess changes in two principle source pres-

sures over a 5-year period (2006–2011); diffuse source pres-

sure changes allied to high soil P and rural point source pres-

sures relating to STS changes. The findings were that:

– There were inconsistent changes in high soil P status be-

tween catchments with one showing an increase in high

soil P fields and the other a convergence towards opti-

mum, despite similar soil nutrient management advice.

– Despite changes in STS pressure, companion work in-

dicated an overall increase in STS pressure due to new-

builds during the study period.

– There were inconsistent, or fractured, responses be-

tween changes in soil P pressure, point source pressure

and P delivered during both high and low flow periods

as analysed in the high-resolution TP concentration data

set. None of the analysis for TP delivered indicated that

decreased high soil P pressures (in one catchment) had

made an impact on water quality; more so, the apparent

increase in soil P pressure in the other catchment, and

offset or increased STS pressures in both catchments,

appeared to be more reflected in the high-resolution TP

data set.

– The diffuse source pressures in one catchment were

found to be higher than the other catchment due to a

higher magnitude of high soil P fields adjacent to wa-

ter courses coupled with a flashier run-off regime. This

lead to consistently double the annual TP load, despite

similar sized catchments, soil type and land use.

– The potency of TP loss in any similar discharge range

between years was found to be reflective of antecedent

conditions with already wet soils delivering more P per

unit discharge than similar discharges following drier

conditions. At least some of this loss may have been due

to incidental P pressures during the summer but high-

lights wet summers as being particularly vulnerable to P

loss and perhaps offsetting the response of other catch-

ment mitigation measures.

This study shows the utility of high-resolution water quality

analysis in the short to medium term for studying changes

in both catchment pressures and response. It also firmly sug-

gests that the short to medium term is an inappropriate time

scale to gauge both the capacity of policy to influence a

catchment change and also for that change to be detected in

metrics of water quality.
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