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Internal farm roadways are connectors within agricultural landscapes, which act as

sub-components of the nutrient transfer continuum (NTC). On dairy farms, roadway

surface runoff dissolved and particulate phosphorus (P) sources stem from a

combination of cow excreta deposited at locations that impede animal flow, soil

deposited from cow hooves or machinery tyres, run-on from up-gradient fields,

public roadways or farmyards and incidental spill of organic/inorganic fertilizers. The

present study investigates the storage and potential release of P from the underlying

roadway material (i.e. composite of soil and stone aggregates) as this source

component is not considered in the NTC framework or documented in the

literature. Herein, farm roadway materials were sampled (to 1 cm depth) at

17 locations avoiding fresh cow excreta. Multiple location types were selected

e.g. straight roadway sections, roadway junctions, before and adjacent standoff

areas associated with cattle underpasses, with all locations varying in distance from

the farmyard. Roadway samples were analysed for phosphorus (P) andmetals (Al, B,

Ca, Co, Cu, Fe, K, Mg, and Mn) content. Results showed that the soil component of

roadwaymaterials are significant P legacy sources and are in themselves a P-storage

component thatmerits inclusion in theNTC framework. All sampled locations,when

compared with fresh roadway stone aggregates or surrounding fields, had highly

elevated P with plant available Morgans P > 8mg L-1 (Index 4, ranging from

10 – 110mg L-1). Sampling points within 100m of the farmyard together with

roadway junctions and underpasses beyond this distance had highest P

concentrations. Critical source areas, where source, mobilisation and transport of

P towaters coincided, formed at three locations. Possiblemitigationmeasures are a)

divert roadway runoff into fields using low-cost surface water breaks, b) disconnect

cattle underpass tanks fromreceivingwaters andc) change roadway infrastructure to

improve cow flow andminimise source build-up. Future research should examine P

loads in runoff from roadway sections across farm typologies and roadway material

types.
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1 Introduction

The impairment of fresh waters due to phosphorus (P) and

nitrogen (N) emissions from agricultural landscapes remains

a key environmental issue (Fenton et al., 2019). Nutrient

losses from agricultural landscapes are an aggregate of a

number of source and transport interactions (Reid et al.,

2018; Harrison et al., 2019). Runoff from roadways and

ditches impact on water quality at catchment scale. These

areas are described as spatially distributed nonpoint sources

by Buchanan et al. (2013). Farm roadways and tracks are

defined as “semi-pervious areas” by Srinivasan and McDowell

(2009), which contribute significant nutrient losses at

catchment scale when connected to waters. Their impact is

distinct from other diffuse losses (e.g. from fields) during dry

seasons when below average rainfall occurs. These semi

pervious areas also represent active subsurface pathways of

loss and given the amount of time animals spend on these

surfaces load losses are significant at catchment scale along

both surface and subsurface pathways (Monaghan and Smith,

2012).

Recently, a nutrient transfer continuum (NTC) framework

was applied to farmyards by Vero and Doody (2021). Only

when information and knowledge on nutrient sources,

mobilisation, delivery and impact are gathered, can the

correct mitigation options for farmyard N and P losses be

identified (Vero and Doody, 2021). Dairy farm roadways are

also a sub-component of the NTC and a similar

conceptualisation exercise is needed to apply the NTC

framework to P and N losses from dairy farm roadways to

watercourses to establish their significance within the

continuum. In a recent review of farm roadway runoff

(RR), the source component was identified (faeces, urine,

run-on from fields, roadways and farmyards) and its

nutrient (N and P) and pathogen profile was equated to

that of dilute slurry or dairy soiled water (Fenton et al.,

2021). In the European Union (EU), the Nitrates Directive

(European Council, 2000), is a principle legislative instrument

designed to protect water quality through reducing the input

of agriculturally-derived nutrients into waters and to promote

the adaptation of good farming practices, through

programmes of measures. In recent iterations of the

Nitrates Directive (S.I. No. 605 of 2017) in Ireland, the risk

of potential pollution from farm roadways is acknowledged

and mitigation is legislated for by a stipulation that decrees

“There shall be no direct runoff of soiled water from farm

FIGURE 1
Roadway network and sampling locations.
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TABLE 1 General descriptions of sampling locations.

Location Description Image

1 Entry to underpass 1
• 750 m from farmyard
• Steep gradient, narrow, straight, smooth surface
• Obstruction to cow flow at entry to underpass
• Relatively high P loads from excreta, as movement of cows slows down

2 Entry to underpass 2
• 48 m from farmyard
• Obstruction to cow movement at entry to underpass
• Steep gradient, straight, narrow, smooth surface
• Greater nutrient loads from excreta deposited at location, as movement of cows slows down

3 Standoff area associated with underpass 1
• 735 m from farmyard
•Obstruction to cowmovement at underpass entrance forces some cows to stand in this area while they wait
for access
• Gentle gradient, straight, wide, smooth surface
• Mainly trafficked by machinery. Used as a standoff area for cows waiting to access underpass
• High levels of nutrients originating from cow excreta

4 Standoff area associated with underpass 2
• 70 m from farmyard
•Obstruction to cowmovement at underpass entrance forces some cows to stand in this area while they wait
for access
• Flat gradient, wide, straight, smooth surface
• Mainly trafficked by machinery to cross public roadway
• Used as a standoff area for cows waiting to access underpass. Water trough provided during this waiting
period
• High levels of nutrients originating from cow excreta
• Presence of water trough facilitates cows while they wait

5 Junction
• 480 m from farmyard
• Obstruction to cow flow at junction
• Significant camber and gradient, wide, straight, smooth surface
• Greater nutrient loads from excreta deposited at location, as movement of cows slowed down

6 Junction
• 340 m from farmyard
• Obstructions to cow flow at roads meet at junction
• Significant camber and gradient.
• Greater nutrient loads from excreta deposited at location, as movement of cows slowed down

7 Straight section of roadway with side track interaction
• 210 m from farmyard
• Obstructions to cow flow at side track interaction position
• Flat Gradient, wide, straight, smooth surface
• Not conducive to cows walking at natural pace, defecating, and urinating in a normal manner

(Continued on following page)
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TABLE 1 (Continued) General descriptions of sampling locations.

Location Description Image

8 Straight section of roadway with side track interaction
• 630 m from farmyard
• Obstructions to cow flow at side track interaction position and therefore opportunity for cow deposition
• Flat gradient, wide, smooth surface

9 Straight section of roadway with side track interaction
• 460 m from farmyard
• Obstructions to cow flow at side track interaction position and therefore opportunity for cow deposition
• Flat gradient, wide, smooth surface

10 Straight section of roadway
• 60 m from farmyard
• Obstruction approaching farmyard and therefore opportunity for cow deposition
• Gentle gradient, wide, straight, smooth surface

11 Straight section of roadway
• 80 m from farmyard
• Obstruction approaching farmyard and therefore opportunity for cow deposition
• Gentle gradient, wide, straight, smooth surface

12 Straight section of roadway
• 105 m from farmyard
• No obstruction to cow flow
• Gentle gradient, wide, straight, smooth surface
• Conducive to cows walking at natural pace, defecating, and urinating in a normal manner

13 Straight section of roadway
• 128 m from farmyard
• No obstruction to cow flow
• Flat, wide, smooth surface
• Conducive to cows walking at natural pace, defecating, and urinating in a normal manner

14 Straight section of roadway
• 620 m from farmyard
• Some obstructions to cow flow
• Flat, narrow, smooth surface
• Opportunity for cow deposition

15 Straight section of roadway
• 700 m from farmyard
• No obstructions to cow flow
• Gentle gradient, wide, straight, smooth surface
• Conducive to cows walking at natural pace, defecating, and urinating in a normal manner

(Continued on following page)
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roadways to waters from 1 January 2021’’. Roadway research

on dairy farms has focused on characterisation of fresh cow

deposits (faeces and urine) (Monaghan and Smith, 2012;

McDowell et al., 2020); however to date, no information is

available on nutrient storage, specifically P, within the

roadway materials and this source has not been considered

as a component of the NTC. A roadway section receives

deposits at different locations over time and therefore

during rainfall all areas that contribute a source to an

eventual runoff delivery point need consideration. As the

milking routine of standard twice a day milking, sees each

paddock of the grazing area grazed in rotation (Dillon et al.,

1995); this typically (occasionally different paddocks are

grazed in the morning and evening) necessitates that a

given farm roadway is used 4 times in a 24 hr period

between the grazing area and the milking parlour. Cow

behaviour dictates that as cow movement becomes impeded

or slowed, an opportunity arises for them to increase

excretions (Fenton et al., 2021). This, in turn results in

some roadway sections becoming more heavily soiled

relative to other roadway sections where excretions occur

only sporadically. In separate studies which documented

the P content of deposits and examine subsequent load

losses of P in runoff on dairy farms, Monaghan and Smith,

2012 and McDowell et al. (2020) found that P load losses

varied spatially and temporarily but were highest within the

first 100 m of the farmyard and dissipated with increasing

distance away from the farmyard. In terms of identifying

connectivity of RR to waters (directly or indirectly) on

dairy farms, a collection of visual indicators map delivery

points (i.e. the point at which runoff enters a watercourse) and

sections of roadway where sources are likely to be large due to

cow flow issues (Teagasc, 2017). The presence of open ditches

that discharge directly to waters and zones within 100 m of

farmyards have been classified as high risk (Moloney et al.,

2020). Therefore, any roadways that are connected directly/

indirectly to open ditches (i.e. waters) within 100 m of a

farmyard need to be identified and investigated as potential

critical source areas (CSAs).

Common agricultural soil tests have previously identified

legacy P hotspots in drainage ditch sediments (Daly et al.,

2017; Mattila and Ezzati, 2021). In Ireland, the P index (Wall

and Plunket, 2021) system is the basis from which fertiliser P

recommendations for grassland and other crops are made.

The soil P index depends on the level of available P for plant

growth and is determined by measuring the amount of P that

is extracted by Morgan’s solution. The target index for P in

grassland soils is Index 3 (Morgan’s P 5.1 to 8.0 mg L-1). Soils

at P Index 4 (Soil P > 8.0 mg L-1) have excess available P and

can pose a risk of nutrient losses in runoff. The Morgan’s P

test, as an indicator of available P, examines roadway

materials as a P source, where values exceeding 8.0 mg L-1

would indicate elevated P concentrations.

The objective of this field study was to identify runoff

mitigation options for farm roadways by applying the NTC to

the roadway network on an intensive dairy farm in south-east

Ireland. To meet this objective, this study measured the available

P concentrations in farm roadway surface material and identified

TABLE 1 (Continued) General descriptions of sampling locations.

Location Description Image

16 Straight section of roadway
• 800 m from farmyard
• Dip in roadway only consideration to affect cow flow
• Gentle gradient at both side, leading to dip in roadway, wide, straight and smooth surface
• Roadway camber towards ditch

17 Low cow traffic location
• 675 m from farmyard
• Very low cow traffic experienced annually
• Gentle gradient
• No obstructions to cow flow
• Gentle gradient, wide, straight, smooth surface

Roadway Construction
materials

Fresh (unused) samples of limestone chippings i.e. construction materials used on the farm were sampled as
controls
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locations where high P source coincided with hydrological

connectivity on the farm.

2 Materials and methods

2.1 Study site

The research was conducted on the dairy farm at Johnstown

Castle Research Centre in southeast Ireland (52˚17’30” N, 6˚29’50”

W). The dairy herd comprises 140 Holstein Friesian cows, farmed

on a grazing area of 70 ha. The site receives an annual average mean

precipitation of 1100 mm. Soil drainage classes on site range from

excessively to poorly drained. Artificially drained fields comprise

groundwater drainage systems at depths of approx. 1 m discharging

to a second order stream (Ezzati et al., 2020), which is piped for a

section of the farm. While there is no surface runoff from fields to

this stream (Kurz et al., 2005), there is direct connectivity between

the stream, open ditches, the farmyard and the farm roadway

network (3.4 km in total) (Figure 1, Table 1). There are two

cattle underpasses under public roadways and these provide

connectivity and delivery of nutrients from underpasses to waters

(both surface and groundwater) if tanks are not maintained

(Figure 2). A detailed description of the surface and sub-surface

drainage system network installed on the farm and its connectivity

and impact on a second order stream is available in Clagnan et al.

(2019) and Ezzati et al. (2020).

2.2 Sampling and analyses

Roadway material was bulk sampled at 17 locations that

incorporated a variety of roadway characteristics and associated

cow movement in September and October (Figure 1, Table 1).

This time of year marks the beginning of the housing season (i.e.

closed period) on dairy farms in Ireland. The housing season

ends in late January and therefore direct deposition of organic

waste diminishes on roadway networks but leaves the roadway

materials exposed (and nutrients stored therein) to the

hydrologically active period of the year. The distance from the

farmyard (Table 1) of each individual location along the extent of

farm roadway as outlined in Figure 1, was measured in GIS

(ArcGIS; Esri, 2020) and mapping was carried out using

digitisation at a scale of 1:3000.

Each location was sampled outside of milking times by

walking in a zig-zag pattern and extracting roadway at regular

intervals to 1 cm depth using a hand held corer (avoiding fresh

urine and faeces where present, ~10 samples). The samples

from each location were composited and transported to the

soil laboratory. Previously unused roadway construction

materials, which were stockpiled on the farm, were also

sampled and analysed for comparative purposes. All

samples were oven dried (40 °C), passed through a 2 mm

sieve, and stored at room temperature prior to analysis.

Soil pH was determined using a 1:2.5 soil-to-water ratio

(Bryne, 1979).

Two-gram samples were shaken on a reciprocating shaker

for 5 min and the supernatant was filtered (0.45 µm) and

tested for Mehlich 3-P (M3-P), aluminium (Al), iron (Fe),

calcium (Ca), boron (B), cobalt (Co), copper (Cu), potassium

(K), magnesium (Mg), manganese (Mn), sodium (Na),

sulphur (S) and zinc (Zn) using a soil solution ratio of 1:

10 in Mehlich 3 reagent (0.2 M CH3COOH + 0.25MNH4NO3

+ 0.015 M NH4F + 0.13 M HNO3 + 0.001 M EDTA. Plant

available P (Pm) and K (Km) were determined by Morgan

analyses (extraction in 1:5 v/v in 0.5 M sodium acetate + 0.5 M

acetic acid; pH 4.8, shaken for 30 min and analysed

coluorimetrically) (Morgan 1941).

3 Results and discussion

3.1 Location based results

The unused road surface stone aggregate showed high

mean pH (8.76) and high Ca content (~40,000 mg kg-1)

indicative of limestone geology. All metal concentrations

were very low to negligible. Phosphorus concentrations in

the unused road surface stone aggregate (See photo in Table 1)

were insignificant (mean Morgan’s P 0.77 mg L-1). These

materials did not introduce a P source when used in the

making of the internal roadways.

From visual observations, roadway surface materials are

an agglomeration of stone aggregate, soil from cow hooves and

machinery, organic material from cow faeces and urine and a

tiny fraction from organic or inorganic fertilizer that may spill

onto the surface from farm activities. The focus here is on the

composite roadway material and not fresh deposits on top of

the roadway. Results show that P concentrations for all

sampling locations were comparable for both time points

September (Table 2), October (Table 2). The high P

concentrations were consistent with repeated deposition of

sources over time leading to an accumulation of significant

amounts of available and labile P. Values of Morgan P ranged

from 9.54 to 110 mg P L-1, and Mehlich 3 extractable P values

followed a similar pattern with values ranging from 25.09 to

319.26 mg P kg-1. Both tests measure plant available P in soil

for agronomic fertiliser recommendation and the values

recorded along the road network exceeded the agri-

environmental thresholds for soil. Morgan’s P values above

8 mg L-1, and Mehlich 3 P values above 75 mg kg-1, indicate a

source risk of P loss from soil (Dunne et al., 2021a), however

the values recorded along the roadway network in this study

were up to 10 times higher than the agri-environmental

thresholds for soils (Wall and Plunket, 2021), and represent

a significant source of soluble and available P that could
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connect to a pathway. This source merits inclusion in the NTC

framework. Dunne et al.,(2021a) derived a modified P Index

for soil using Morgan P and created a P saturated category that

identified soils that have received excessive P applications over

time. All of the sample points along the road network in this

study fall into the P saturated class in Dunne et al.,(2021a) and

represent a significant P loss risk if connected to a pathway.

The pH of samples taken along the road network were

moderately alkaline in nature, ranging from 6.2 to 7.6,

possibly due to the limestone nature of the stone aggregate

used to surface the network. Mehlich 3 extractable metals such

as Al, Fe were lower than those measured in Irish agricultural

soils and associated with P sorption (Dunne et al., 2021b),

leaving little scope for any binding or sorption of P by the

material. Mehlich 3 extracts of metals such as Cu and Zn along

the network were in line with those reported in the literature

for cattle slurry (Provolo et al., 2018) and there was no

evidence of heavy or trace metal accumulation in samples

taken along the roadway network.

3.2 NTC framework

Table 3 presents results of the entire farm roadway

network indicating elevated P concentrations regardless of

location, cow flow conditions or proximity to the farmyard.

This shows that the entire network is a P store, which merits

inclusion in the NTC framework. This has implications for

management of roadway networks during both open (cows are

outside and not housed) and closed (housed during

hydrologically active period) periods as the source of P on

the roadway network is present throughout the year. The

nutrient (P and N) transfer continuum framework (Haygarth

et al., 2005) links source to impact on agricultural landscapes

and was used by Wall et al. (2011) and Shore et al. (2014a) to

examine nutrient source and impact while assessing national

action programmes at meso-catchment scale. To apply the

continuum to dairy farm roadways, information on source-

mobilisation-transport and hydrological connectivity-

delivery and impact must be conceptualised and collated. A

delivery point or area is where runoff enters waters. This

approach has been applied at sub-catchment scale to nutrient

losses and impact from farmyards (Vero and Doody, 2021)

and drainage ditch networks to waters (Moloney et al., 2020).

The following information applies to farm roadways

(Figure 2):

• P sources (dissolved and particulate fractions) originate

from cow faeces and urine deposited on roadway surfaces

(Fenton et al., 2021), P in soil becomes incorporated

around stone aggregates from animal hooves and

machinery. Limited amounts of organic and inorganic

fertilizer from farm activities may fall on these surfaces.

In some cases run-on will move nutrients from higher

elevated areas to the roadway network e.g. from fields or

public roadways or farmyards (Fenton et al., 2021).

FIGURE 2
Roadway network and sampling locations with associated critical source areas (CSA’s) and nutrient transfer continuum (NTC) framework.
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TABLE 2 Chemical properties of roadway samples collected on September 2021 (Panel A). Chemical properties of roadway samples collected on
October 2021 (panel B).

M3-

Location pH Pm M3-P Km Al B Ca Co Cu Fe K Mg Mn

(mg L−1) (mg kg−1) (mg L−1) (mg kg−1)

1 7.63 37.20 70.39 250.00 379.59 0.41 2021.30 0.93 2.63 175.97 226.59 331.95 149.38

2 6.96 96.50 261.31 317.00 459.65 0.60 2610.38 0.59 4.28 273.32 374.63 311.83 67.67

3 7.52 10.30 39.17 105.00 35.94 0.44 3,638.45 0.51 2.53 162.64 104.48 134.34 107.96

4 7.33 32.10 94.87 206.00 367.16 0.35 2135.57 1.95 2.94 243.13 212.81 126.52 110.07

5 7.28 38.70 153.89 337.00 180.78 0.58 3,127.84 0.35 4.15 338.09 402.30 216.31 70.36

6 6.85 50.30 179.84 313.00 417.91 0.25 1815.21 1.29 3.48 389.86 347.38 205.93 87.04

7 7.30 81.40 217.03 203.00 104.02 0.66 2608.83 0.61 4.64 342.52 241.09 223.78 94.94

8 7.07 39.60 134.55 251.00 180.73 0.70 1876.51 0.61 2.61 404.71 223.00 152.55 113.11

9 6.17 35.90 198.52 269.00 526.86 0.13 1,255.78 0.49 2.97 440.88 307.93 263.05 83.37

10 6.55 32.70 143.54 141.00 464.08 0.61 2102.05 0.50 4.19 341.34 172.07 262.11 76.42

11 7.00 45.90 188.99 176.00 158.41 0.62 3,206.86 0.46 4.53 320.71 217.34 276.36 75.83

12 6.67 41.10 166.77 143.00 378.14 0.51 1716.41 0.40 4.03 304.09 160.33 232.62 61.90

13 7.07 77.50 223.98 355.00 280.61 0.47 2204.08 0.94 4.25 374.55 427.68 248.64 89.54

14 6.96 40.20 123.62 249.00 363.79 0.31 1,486.20 1.29 2.63 342.17 240.61 174.49 115.60

15 6.22 38.80 191.83 246.00 555.13 0.17 1847.89 0.39 2.84 317.30 239.86 218.76 85.15

16 6.71 34.30 128.84 331.00 410.61 1.01 2497.17 0.57 3.92 466.06 386.41 307.82 64.68

17 6.22 20.50 116.82 197.00 426.77 0.35 1,284.11 0.67 2.35 378.06 217.48 156.72 91.77

M3-

Location pH Pm M3-P Km Al B Ca Co Cu Fe K Mg Mn

(mg L−1) (mg kg−1) (mg L−1) (mg kg−1)

1 6.98 37.94 25.09 112.00 558.60 0.00 1,502.18 0.95 1.80 193.50 116.17 225.19 161.16

2 6.85 110.00 319.26 332.00 470.12 0.64 2862.11 1.07 5.45 319.66 413.32 280.55 79.25

3 * 9.54 37.74 126.00 337.45 0.32 1,452.71 0.67 2.47 229.73 119.27 105.56 112.63

4 7.56 30.60 94.06 125.00 253.32 0.10 2248.91 1.93 2.57 270.92 120.28 94.58 102.85

5 7.18 61.80 191.13 306.00 96.47 0.43 2731.97 0.35 3.37 317.09 334.01 202.24 69.74

6 7.01 55.00 171.13 245.00 337.10 0.27 1715.05 0.84 3.11 371.94 247.58 163.59 78.43

7 7.30 98.40 203.93 238.00 36.11 0.39 3,213.55 0.39 3.50 259.41 245.03 229.83 64.64

8 7.30 63.90 204.42 237.00 175.89 1.00 3,145.83 0.79 4.25 385.62 291.48 199.15 135.49

9 6.60 40.10 194.29 214.00 442.31 0.12 2096.68 0.48 2.90 387.36 265.32 259.59 78.11

10 7.05 56.70 171.12 191.00 92.25 0.31 2303.63 0.47 3.31 284.22 193.96 208.45 83.32

11 7.01 85.50 216.83 273.00 85.69 0.44 2272.08 0.54 3.99 295.11 277.45 241.81 81.30

12 7.03 71.20 199.49 229.00 150.26 0.43 1855.43 0.64 4.02 314.99 227.19 220.86 93.81

13 6.94 78.90 217.52 343.00 244.43 0.25 2156.68 0.94 4.19 348.79 366.91 217.41 81.33

14 6.77 15.90 76.24 117.00 224.80 0.17 1,481.78 0.65 2.10 363.01 109.60 115.54 77.31

15 6.94 90.70 305.84 343.00 214.23 0.37 3,076.72 0.46 4.54 325.83 352.73 306.68 78.27

16 7.14 11.00 35.50 143.00 56.90 0.24 11,890.10 0.27 1.91 150.17 146.96 247.55 31.80

17 6.21 19.70 103.89 185.00 370.87 0.25 1,226.09 0.62 1.77 313.47 182.77 148.60 77.75

Pm: Morgans P; M3-P: Mehlich P; Km: Morgans K; M3: Mehlich 3

Pm, Morgans P; M3-P, Mehlich P; Km, Morgans K; M3, Mehlich 3; * not measured.
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Phosphorus originating from these composite sources/

deposits becomes stored and are available for release as

legacy P sources from roadway materials (present study)

during rainfall. High P-concentration is likely because slow

downward mobility of P is expected to occur in the

roadway materials (due to the influence of highly

compacted roadway material, alkaline pH and limestone

content).

• Mobilisation occurs during precipitation (dominated by

rainfall and dependent on timing, magnitude and

intensity) (Fenton et al., 2021).

• Transport is controlled by connectivity of the roadways to

waters (directly into open drainage ditches or a surface

water body or indirectly into public roadways, farmyards

and underpasses (can be connected to surface or

groundwater) (Fenton et al., 2021; present study)).

Subsurface leached losses to groundwater from these

semi pervious areas have also been documented

(Srinivasan and McDowell, 2009).

• The loss of nutrients to water bodies can negatively affect

the chemical and ecological status of waters, with

significant impact distinct from other sources at

catchment scale occurring during summer months of

the year (Srinivasan and McDowell, 2009; Monaghan

and Smith, 2012). In rivers, N and particularly P loss

can result in excessive plant and algal growth. This

growth and decay cycle reduces the amount of oxygen

in the river and suffocates sensitive fauna. Excessive fine

sediment in a river can smother the streambed habitat and

clog the gills of many sensitive mayfly species. From a

human health perspective, bacterial contamination of

watercourses is a significant issue, particularly in the

context of drinking water and bathing water quality. To

safeguard impact, soiled farm roadway runoff must be

prevented from directly or indirectly entering waters

(Teagasc, 2017).

• To break connectivity before delivery of RR to waters,

mitigation measures include those mentioned in Fenton

et al. (2021), which include a mixture of cow management

(e.g. increase cow flow) and on-off roadway options e.g.

low cost water diversion bars and roadway camber

adjustments. The mitigation measure deployed should

also consider managing the P source.

3.3 Critical Source Area and mitigation

Farm roadways can provide connectivity at delivery points

within diffuse CSAs. However, in the absence of breakthrough

points the roadway itself becomes a CSA. The source is present

on the roadway surface and in the roadway materials, the

transport potential is high, after rainfall mobilisation of

overland flow begins on the roadway surface due to the

physical characteristics of the roadway (Fenton et al.,

2021), which if connected to waters through a delivery

point has an impact on water quality. In reality, many

locations along a roadway combine to form a potential

CSA where a source of pollutants coincides with an area of

high mobilisation and hydrologically sensitive areas (HSAs)

that have the highest propensity for generating surface runoff

and transporting pollutants (Thomas et al., 2016).

Identification of CSAs and delivery points to waters on

roadways for the present study was conducted visually for

each of the locations (Table 4).

TABLE 3 Whole farm average concentrations for all roadway sampling locations across the two sampling occasions.

M3-

pH Pm M3-
P

Km Al B Ca Co Cu Fe K Mg Mn Na S Zn

(mg
L−1)

(mg
kg−1)

(mg
L−1)

(mg
kg−1)

Sep Average 6.91 44.29 154.94 240.53 334.72 0.48 2202.04 0.74 3.47 330.32 264.82 226.10 90.87 31.15 28.77 10.41

Standard
Deviation

0.44 21.77 57.52 74.69 151.80 0.22 673.78 0.42 0.81 82.23 92.99 62.63 22.68 10.58 11.41 2.91

Oct Average 6.99 55.11 162.79 221.12 243.93 0.34 2778.32 0.71 3.25 301.81 235.88 203.95 87.48 23.32 22.25 9.78

Standard
Deviation

0.30 31.58 88.05 80.03 155.28 0.23 2430.52 0.39 1.07 65.99 96.06 60.54 28.71 4.47 6.47 3.21

Pm, Morgans P; M3-P, Mehlich P; Km, Morgans K; M3, Mehlich 3
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TABLE 4 Phosphorus component of Nutrient Transfer Continuum Framework for each location, Critical Source Area (CSA) andMitigation Options. All
concentrations refer to Morgan’s P.

Location Transfer continuum framework CSA Mitigation option

1 Source—Large, Index 4, 37.2 mg L−1 Yes Disconnect tank to waters before delivery point and clean
on a regular basis

Mobilisation - High

Delivery—Yes, Indirect delivery from underpass tank to
waters

Impact - Yes

2 Source—Large, Index 4, 96.5 mg L−1 Yes Disconnect tank to waters before delivery point and clean
on a regular basis

Mobilisation - High

Delivery—Yes, Indirect delivery from underpass tank to
waters

Impact - Yes

3 Source—Large, Index 4, 10.3 mg L−1 No, no transport risk or hydrological
connectivity

Should prevent runoff interacting with underpass at
location 1

Mobilisation - High

Delivery - No

Impact—No

4 Source—Large, Index 4, 32. 1 mg L−1 No, no transport risk or hydrological
connectivity

Should prevent runoff interacting with underpass at
location 2

Mobilisation - High

Delivery - No

Impact—No

5 Source—Large, Index 4, 38.7 mg L−1 No, no transport risk or hydrological
connectivity

Mobilisation - High

Delivery - No

Impact—No

6 Source—Large, Index 4, 50.3 mg L−1 No, no transport risk or hydrological
connectivity

Nearer to farmyard than 5

Mobilisation - High

Delivery - No

Impact—No

7 Source—Large, Index 4, 81.4 mg L−1 No, no transport risk or hydrological
connectivity

Mobilisation - High

Delivery—No, Connected to an infrequently used track
but not waters

Impact—No

8 Source—Large, Index 4, 39.6 mg L−1 No, no transport risk or hydrological
connectivity

Mobilisation - Low

Delivery—No, Connected to an infrequently used track
but not waters

Impact—No

9 Source—Large, Index 4, 35.9 mg L−1 No, no transport risk or hydrological
connectivity

Mobilisation - Low

(Continued on following page)

Frontiers in Environmental Science frontiersin.org10

Fenton et al. 10.3389/fenvs.2022.878166

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.878166


TABLE 4 (Continued) Phosphorus component of Nutrient Transfer Continuum Framework for each location, Critical Source Area (CSA) and Mitigation
Options. All concentrations refer to Morgan’s P.

Location Transfer continuum framework CSA Mitigation option

Delivery—No, Connected to an infrequently used track
but not waters

Impact—No

10 Source—Large, Index 4, 43.4 mg L−1 Yes Diversion bar into field (100€ installation cost and
maintain as needed)

Mobilisation - High

Delivery—Yes, Connection to open ditch and second
order stream

Impact—Yes

11 Source—Large, Index 4, 54.3 mg L−1 Yes Diversion bar into field (100€ installation cost and
maintain as needed)

Mobilisation - High

Delivery—Yes, Connection to open ditch and second
order stream

Impact—Yes

12 Source—Large, Index 4, 63.8 mg L−1 Yes Diversion bar into field (100€ installation cost and
maintain as needed)

Mobilisation - High

Delivery—Yes, Connection to open ditch and second
order stream

Impact—Yes

13 Source—Large, Index 4, 77.5 mg L−1 No, no transport risk or hydrological
connectivity

Mobilisation - Yes

Delivery - No

Impact—No

14 Source—Large, Index 4, 40.2 mg L−1 No, no transport risk or hydrological
connectivity

Widen roadway as narrow roadway reduces cow flow

Mobilisation - Low

Delivery - No

Impact—No

15 Source—Large, Index 4, 38.8 mg L−1 No, no transport risk or hydrological
connectivity

Widen roadway as narrow roadway reduces cow flow

Mobilisation - Low

Delivery - No

Impact - No

16 Source—Large, Index 4, 34.3 mg L−1 Yes Change camber of roadway away from waters

Mobilisation - High

Delivery—Yes, Direct connectivity to open ditch

Impact—Yes

17 Source—Large, Index 4, 20.5 mg L−1 No, no transport risk or hydrological
connectivity

Mobilisation—Low

Delivery—No

Impact—No
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A CSA approach will be more effective in terms of mitigation

than simply treating these areas as point sources. Therefore, it will be

important to manage large P sources (in terms of animal deposits

andmaterials) in areas of the farm roadway network that have a high

transport potential (Shore et al., 2014b). The following areas are

CSAs and are in need of mitigation to avoid impact:

• Location 10, 11 and 12 combine to create a source area,

mobilisation is high throughout these locations due to the

road gradient. The entire area is a transport and

hydrologically sensitive area with delivery to waters

through an open ditch, which discharges directly to a

second order stream at the back of the farmyard.

• The underpass and adjacent standoff area (Locations 2 and 4)

combine to create a large source, mobilisation is high during

rainfall due to the gradient of these roadway sections into the

underpass structure with transport to a collection tank at the

base of the underpass. There is evidence that this underpass

tank discharge is delivered to waters along underground

piping to a second order stream (Figure 2).

• Location 16 and the adjacent roadway sections combine to

create a source area, mobilisation is high due to the

gradient of the roadway sections, which becomes a

transport and hydrologically sensitive area with delivery

directly to a second order stream at the lowest point of the

roadway.

• The cattle underpass and adjacent standoff area

(Locations 1 and 3) can be classified as a point source

with connectivity to groundwater and further

management is needed here to empty underpass

collection tanks regularly to avoid overflow through

shattered rock to groundwater. Mitigation options

suggested for CSA and point locations are in Table 4.

These typically aim to than minimise the source and

divert RR away from a delivery point into a buffer area

such as field. For cattle underpasses, no connection or

overflow of storage tanks should occur. This could create

a discharge opportunity thereby contaminating surface or

groundwater. In terms of non-CSA areas, although not

connected to waters in any way, management options

should aim to minimise the P sink and future

infrastructural change should be mindful as to not

create connectivity.

4 Conclusion

Cow movement tends to slow down at specific locations

along dairy farm roadway networks, leading to these locations

inturn experiencing increased rates of excreta deposition.

Repeated excretions become a source of P build-up on the

roadway surface and creates a P store in the roadway materials

underneath. Roadway materials to a depth of 1 cm tested before

underpasses, adjacent overflow areas associated with cattle

underpasses, at roadway junctions and along straight

sections within 100 m of the farmyard all showed elevated

levels of P in roadway materials when compared with fresh

(unused) roadway construction materials and with adjacent

fields. High P-concentrations in runoff are likely because slow

downward mobility of P is expected to occur in the roadway

materials (due to the influence of highly compacted roadway

materials, alkaline pH and limestone content). The P transfer

continuum on roadway networks combines these sources with

mobilisation during rainfall and delivery either directly or

indirectly to waters with impact at catchment scale.

Although all locations sampled had elevated P sources in

roadway surface materials, only three of the locations

sampled could be regarded as a CSA, where a high source,

high mobilisation, high transport and hydrological sensitive

areas coincided to deliver nutrient rich roadway runoff to

waters. Implementation of mitigation options at these

locations to manage the source and intercept the flow before

delivery to waters would reduce impact. Future mitigation of

roadway runoff must also consider roadway materials as part of

the P transfer continuum framework.
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