
Spatial distribution of available
phosphorus in surface road and
trackway surface materials on a
sheep farm in Ireland

Owen Fenton1*, Karen Daly1, Pat Tuohy2, John Cardiff1,
Simon Leach1, Lungile Senteni Sifundza1,3 and John Murnane3

1Teagasc, Environmental Research Centre, Wexford, Ireland, 2Teagasc, Animal and Grassland Research
and Innovation Centre, Moorepark, Ireland, 3School of Engineering, University of Limerick, Limerick,
Ireland

Farm roadway runoff is a high-risk source of pollution when connectivity with
waters occurs. Nutrients in this runoff are dominated by fresh animal deposits, but
recent dairy and beef farm studies showed that available phosphorus (P)
accumulates in roadway surface material and can be lost in runoff. A current
knowledge gap is to examine available P concentrations in unsealed roadway and
trackway (non-maintained) network of a lowland sheep farm. The present study
focused on a 45 ha farm stocked with 544 sheep in south-east Ireland. Ten
locations were sampled along with the adjacent fields for available P
(i.e., Morgan’s P) and ancillary parameters (e.g., pH, total P and heavy metals)
in December 2022. The first sampling location was on an aggregate roadway and
the other nine were on trackways representing an older aggregate roadway
network used by the flock but now covered with soil and grass. Results showed a
distinct difference in surface material pH between roadway and trackway
locations. Trackways had a pH that mimicked adjacent fields around the
agronomic optimum for grassland of ~6.2. All sampling locations had elevated
available P concentrations, ranging from 26.3 to 111.0 mg L−1 (mean 62.8 mg L−1),
similar to the spatial distribution for dairy farms but above those found at beef
farms previously studied. The highest available P concentrations were found in
roadway and trackway sections adjacent to the farmyard. Other elevated
sampling areas were on trackways (87.3 or 97.7 mg P L−1) away from the
farmyard where sheep are funnelled to pasture, stop to seek shade, urinate
and defecate but do not graze. By contrast the average available P concentration
for the surrounding fields was 8.4 mg L−1 with a range of 2.7–15.9 mg L−1. Two
sampling areas combine to create a critical source area where a high available P
source becomes visibly mobilised as runoff during rainfall, discharges into an
open drainage ditch, which is then connected to a local stream. Breaking the
pathway before runoff enters the open ditch could be a cheap and effective way
of mitigating nutrient losses at these two locations.

KEYWORDS

agriculture, nutrient transfer continuum, critical source area, water quality, soil

OPEN ACCESS

EDITED BY

Sanjeeb Mohapatra,
Delft University of Technology, Netherlands

REVIEWED BY

Nitish Venkateswarlu Mogili,
National Institute of Technology, India
Monika Dubey,
Indian Institute of Technology Roorkee, India
Arnab Ghosh,
Dong-A University, Republic of Korea

*CORRESPONDENCE

Owen Fenton,
owen.fenton@teagasc.ie

RECEIVED 01 July 2024
ACCEPTED 03 September 2024
PUBLISHED 17 September 2024

CITATION

Fenton O, Daly K, Tuohy P, Cardiff J, Leach S,
Sifundza LS and Murnane J (2024) Spatial
distribution of available phosphorus in surface
road and trackway surface materials on a sheep
farm in Ireland.
Front. Environ. Sci. 12:1457970.
doi: 10.3389/fenvs.2024.1457970

COPYRIGHT

© 2024 Fenton, Daly, Tuohy, Cardiff, Leach,
Sifundza and Murnane. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 17 September 2024
DOI 10.3389/fenvs.2024.1457970

https://www.frontiersin.org/articles/10.3389/fenvs.2024.1457970/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1457970/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1457970/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1457970/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1457970&domain=pdf&date_stamp=2024-09-17
mailto:owen.fenton@teagasc.ie
mailto:owen.fenton@teagasc.ie
https://doi.org/10.3389/fenvs.2024.1457970
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2024.1457970


1 Introduction

Previous international research on roadway runoff and its
impacts on connected waters has largely focused on planning,
building, and operating roadway networks in urban and rural
environments (Gillis et al., 2022). Other research on
characterization and mitigation of forest road and trackways has
been well developed (Wemple and Jones, 2003). It is known that
farm roadways and tracks contribute sediments and particulates to
waterways (Adams et al., 2014). Some recent research has focused on
roadway runoff from internal farm roadways (called laneways in
New Zealand (Monaghan and Smith, 2012); farm tracks Australia
(Adams et al., 2014) or stock lanes in EU (Lucci et al., 2010)
trafficked by machinery and livestock (Sifundza et al., 2024). In
all cases, contaminants originating from roadway runoff can be
deposited to surfaces and may be bioaccumulated directly or
partitioned to sediments, or dissolve in surface waters (Gillis
et al., 2022). In temperate regions, nutrient loads lost in farm
roadway runoff can have significant negative impacts on water
quality and this has led to regulation of soiled water runoff. For
example, in Ireland soiled roadway runoff is strictly regulated since
2021 and is prohibited from entering waters (e.g., dry ditches and
streams). Article 17.20 states “There shall be no direct runoff of
soiled water from farm roadways to waters from 1 January 2021. The
occupier of such a holding shall comply with the minimum
specification for farm roadways.” (Current specification
S199 July 2020).

Temporal and spatial concentrations of phosphorus (P) stored
in farm roadway surface materials as a source distinct from fresh
urine and faeces deposited on the roadways is a new area of research.
It has been shown that this source of P can be lost throughout the
year (i.e., in open and closed periods when animals are outside and
housed, respectively). These materials act as storage reservoirs for P,
which can become available in runoff during rainfall events with
(i.e., soiled runoff) or without (i.e., non-soiled runoff) the presence
of animal wastes (Fenton et al., 2022).

Recent work on dairy and beef farms in the south-east of Ireland,
investigated the spatial and temporal distribution of available P in
surface roadway material (Fenton et al., 2022; Sifundza et al., 2024).
In Fenton et al. (2022), the range of available P in roadway surface
materials (to 1 cm depth and excludes fresh excreta) on a dairy farm
during a spatial survey conducted at the end of the open period
(i.e., period where livestock actively used the roadway) was
10–110 mg L−1. The highest concentrations were found near
farmyards, before underpasses and wherever animals slowed
down due to roadway design and roadway features. In Sifundza
et al. (2024), a temporal survey showed available P concentrations
ranged from 15.9–101.4 mg L−1 (includes open and closed periods)
which was higher than on two neighbouring beef farms
(4.1–24.4 mg L−1). Temporal results showed that mean available
P concentrations (5.4, 14.9, 13.4 mg L−1 for dairy, beef farm 1 and
beef farm 2, respectively) increased in the open period (from
February to September), whereas mean concentrations (40.3,
10.4, 9.8 mg L−1 for dairy, beef farm 1 and beef farm 2,
respectively) declined over the closed period (October to
January). On all farms examined, approximately 3 roadway
locations were considered connected to surface waters forming a
critical source area (CSA) (McDowell et al., 2024; Shore et al., 2014)

and therefore needed mitigation intervention. Typically, the
installation of low cost diversion bars to divert runoff into a
vegetated buffer (>3 m) or swale, changing the slope of the
roadway away from waters towards a buffer or swale and
minimising the nutrient source through stock management (e.g.,
increasing the flow of animal traffic minimises deposits) were all
noted as possible ways to break the pathway thereby minimising
chemical and ecological impacts (Boger et al., 2018; Fenton
et al., 2021).

Consideration of available P concentrations of roadways and
trackways within different farms accessed by animals is important as
fresh faeces and urine patches are deposited from large numbers of
animals both spatially and temporally on these pervious unsealed
surfaces. To date, research has focused on the loads of nutrients in
runoff delivered to waters from roadways, while presenting the P
source stemming only from fresh materials, e.g., McDowell et al.
(2020).This approach limits losses to the open period and does not
consider losses from the storage of P in the roadway itself, which can
be lost during the closed period in addition to the open period. It is
therefore important to consider the spatial distribution of available P
in roadway and trackway materials across the major farming types
where animals access roadways on a regular or ad hoc basis. An
understanding of this available P store will help with the
management of this source and mitigation of this source in both
open and closed periods in the farming calendar. Such knowledge
will also be important for consideration of the contribution of
roadway runoff at catchment scale.

In previous studies (Fenton et al., 2022; Sifundza et al., 2024), it
was hypothesised for temperate climates that the mean spatial and
temporal available P roadway material concentration would be
greatest during the open period when animals trafficked the
roadway network and highest where animal movement was
impeded (e.g., at bends, at entrance or exit to farmyard, before
underpasses). In addition roadway condition and width have an
influence on cow flow, e.g., farm roadways should be at least 3.5 m
wide (for a 50 cow herd) with another 0.5 m allowed for each
additional 50 cows (Maher et al., 2023). Also is was hypothesised
that the mean available P concentration would be larger on a dairy
farm than beef farms due to the amount of time animals traffic
roadways due to milking operations (morning and evening). The
temperate climate allows for high-quality pasture production over a
long growing season and the efficient utilisation of pasture is critical
for profitability, and farm roadways are essential for rotational
grazing systems (Maher et al., 2023). Results from Sifundza et al.
(2024) which compared dairy and beef farms, showed that the mean
available P concentration on dairy farms was up to 4 times higher
than that of beef farms. Overall, the P concentrations on both dairy
and beef farms followed the same trend over the months, whereby
the P concentration declined over the winter months, i.e., December
and January and increased in the open period. The present study
examines for the first time the spatial nature of available P on a
lowland sheep farm roadway and trackway network. It is often the
case in the south east of Ireland that dairy, beef and sheep farms are
in close proximity to each other and could be within the same
catchment area. There is a similar number of dairy and sheep farms
in Co. Wexford where the present study site is located, e.g.,
836 sheep farms versus 1048 dairy farms (Central Statistics
Office, 2024; Teagasc, 2024). It is hypothesised as the sheep
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rarely use the roadway network but use the trackway system more
frequently the available P concentration on the trackway system will
be higher than that of the roadway. As the animal numbers can
greatly exceed those of a dairy or beef system it is hypothesised that
the mean and available P range spatially on the sheep farm in the
closed period sampling event could be similar to a beef farm for the
roadways and similar to a dairy farm for the trackways.

On sheep farms, internal roadways enable animals to access
gazing areas but are less common and indeed less commonly used by
animals when compared to other farming systems such as beef and
dairy farms. After using the roadway network, sheep tend to stick to
defined routes within fields to reach grazing areas where they spread
out. However, original roadway networks on sheep farms can
become covered by soil and grass over time, can slump and
become degraded. Such trackways are still obvious linear features
on the landscape and can be fenced off from the surrounding
paddock or field. Farm roadways or trackways within these
systems still can provide runoff connectivity with waters, thus,
information pertaining to the pollutant concentrations needs to
be collated. To date no study has investigated surface material
available P concentrations on sheep farms along internal
roadways or trackways. The present farm scale study examines
available P concentrations in surface materials on a sheep farm
to assess if a temporal survey is warranted. For that purpose, a sheep
farm in south-east Ireland was selected, the roadway and trackway
network was mapped and ten representative locations were sampled
to 1 cm and tested for available P, pH and metals. In addition the
adjacent fields were sampled as a comparison. Each sampling point
was assessed with respect to its connectivity to surface waters
(i.e., open drainage ditch or surface streams in the vicinity).

2 Materials and methods

2.1 Study farm

The 45 ha sheep farm used in the study is located in a lowland
area in the south-east of Ireland, with average annual rainfall of
1,100 mm. The land slopes gently from the farm yard in one
direction to a river bounding the farm. At the time of roadway
sampling (December 2022) the number of sheep was as follows:
breeding Ewes over 12 months of age (n = 370), breeding Rams
over 12 months (n = 12), replacement Ewe lambs (n = 162).
Average stocking density over the last number of years is
1.44 Livestock Units ha−1. Sheep graze outside for most of the
year and are only housed briefly during winter months.
Movement around the roadway and trackway network is to
access different grazing areas. Sheep also use the roadway or
trackways for resting, seek shade by bounding trees but tend not
to graze these areas due to the high level of urination and
defecation.

In Ireland, typically a farm internal roadway is constructed by
first removing the topsoil layer (10–15 cm), before placing stone
(shale, limestone or sandstone) aggregate (20–30 cm layer) as the
main construction material, overlain by a surface dust or blinding
layer (25 mm layer of 0–4 mm in size). Each individual layer is
rolled with a heavy vibrating roller to keep it in place. The
crossfall on the roadway ensures drainage from the surface

and should be either a continuous crossfall of 1:25 or from
center to both sides (Teagasc, 2021). Over time as animals and
machinery use the roadway, soil from the fields may become
incorporated into the dust layer. If not maintained or replaced
these roadways become relics of the original network and turn
into trackways, which become grassed over. On the farm, only
one roadway fits the above description and runs with slope
through location 1, 2, 3, 4, and 6 (Figure 1). All other
roadways are orientated across slope and can be described as
trackways. These trackways, (e.g., location 5, Figure 1) appear
sunken from their original positions, are waterlogged and act as
overland flow interceptors, which causes sediment to build up on
the old roadway surfaces. Some old field boundaries were
removed over time to make larger fields. Sample locations are
presented in Figure 1 with a detailed description of each sampling
location together with a photograph in Table 1.

2.2 Farm roadway, trackway and field
sampling and analysis

At each location a duplicate roadway or trackway material
sample of 200 g was taken from the top 1 cm, bagged and
transported to the laboratory for analysis. Fresh animal
deposits were avoided during the sampling process. Each field
was sampled using a zig-zag sampling pattern covering the entire
area as outlined in Teagasc (2020). All samples (i.e., roadway,
trackway and field samples) were oven dried at 40°C, sieved
through 2 mm sieve to remove debris and stored at room
temperature before analysis. To determine available P, soil
samples (3 g) were shaken for 30 min at room temperature
with 15 mL Morgan’s solution (sodium acetate and acetic acid
and buffered at pH 4.8) at a ratio of 1:5 and then filtered
(Morgan, 1941). The filtrates were then analysed for P
concentration on the Lachat system using the principle of
flow injection analysis. Two-gram (2 g) samples were also
shaken on a reciprocating shaker for 5 min and the
supernatant was filtered (0.45 μm) and tested for aluminium
(Al), iron (Fe), calcium (Ca), boron (B), cobalt (Co), copper (Cu),
manganese (Mn), 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). Analyses was
conducted on an Agilent 5100 ICP-OES.

3 Results

3.1 Spatial patterns of pH and heavy metals

The pH across the roadway and trackway locations is at or near
the agronomic target for grassland of 6.2 (Table 2). Only the pH at
the first roadway location (Figure 1) beside the farm yard and
associated housing shed is elevated (i.e., pH 7.54 ± 0.09). These
are similar for farm roadways as found by Sifundza et al. (2024) on a
dairy and two beef farms in the south-east of Ireland (7.56 ± 0.30,
7.89 ± 0.43 and 7.71 ± 0.49, respectively). The mean pH at locations
2–10 (pH 6.30 ± 0.28) are similar to fields found within the current
farm (6.04 ± 0.26).
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3.2 Spatial distribution of available P

Available P (Morgan’s P) for roadways and trackways ranged
from 26.3 to 111.0 mg L−1 (Table 2; Figure 2 presents available P
mean and standard deviation per location). The highest P
concentrations were at location 1 (adjacent to the farmyard) and
two locations 400 and 500 m away from the farmyard, respectively,
i.e., location 7 (connected to open drainage ditch) and 10 (receives
run-on from up-gradient areas) (See Table 1 for specific details).
Another elevated area is at location 3 where sheep are slowed as they
channel through a narrow fence gap. In contrast the average
available P concentration for the surrounding fields was
8.4 mg L−1 (Index 4) with a range 2.7–15.9 mg L−1.

4 Discussion

4.1 pH and metal concentrations

The pH values found were similar to fields with mineral soils found
on the farms studied by Sifundza et al. (2024) i.e., dairy, beef farm 1 and
beef farm 2with 6.2 ± 0.28, 6.3 ± 0.35, and 6.4 ± 0.27, respectively. These
results indicate that over time the older roadway network and trackways
have become subsumed (as the landowner suggests) into the field
network on the farm. The soil test results for the field samples are
similar to locations 2–10. Metal concentrations for roadway and
trackway locations are within similar ranges for dairy and beef
farms studied in the south-east of Ireland and are indicative of an
aggregate and soil mix. However, mean field soil metal concentrations
are all lower than adjacent roadway and trackways, except for Fe.

4.2 Spatial distribution of available P

The spatial concentration range of available P was similar to that
of a dairy farm roadway network (i.e. 15.9 ± 13.0 to 101.4 ± 61.1) but
considerably higher than surface materials on roadways within the
two beef farms (e.g., 6.31 ± 1.7 to 23.2 ± 9.6 mg L−1) as reported by
Sifundza et al. (2024). The lowest values here represent highest
values on the beef farms. Source factors will be determined by the
concentration of animals on the roadway as influenced by stocking
rate, roadway density and animal type. For example, Marsden et al.
(2020) document that sheep urinate 8–11 times a day (mean urine
event volume recorded was 289 ± 14 mL) with an estimated daily
urine production value of 2.77 ± 0.15 L urine sheep−1 d−1. By way of
comparison, Ravera et al. (2015) document that cows (wintering
system in New Zealand) urinate 8–12 times a day with 2.37 L per
event indicating an estimated daily urine production value of
between 18–30 L urine cow−1 d−1. The concentration of P in
faeces and urine for cows and sheep is largely a product of the
diet. It can vary across studies, e.g., McDowell (2006) tested cattle
and sheep dung and found 5.5 and 8.0 g TP kg−1 dry matter,
respectively. Scott et al. (1972) examined the P content of faeces
and urine in sheep fed with different diets and found 5.6 ± 0.3 g d−1

in faeces and 0.3 ± 0.2 g d−1 in urine (fed with roughage), which can
increase if concentrates are introduced. In cows, dung P
concentration ranges between 4 and 8 g P kg−1 (McDowell, 2006;
McDowell et al., 2020; Vadas et al., 2015) and dairy cows defecate
10.5 times cow−1 d−1, with only a fraction of this likely to be on
roadways (Oudshoorn et al., 2008). Vebriyanti et al. (2022) showed
that with varied diets the P concentration in cow urine ranged from
130.94 mg L−1 ± 4.11–156.67 mg L−1 ± 2.49. Using the numbers

FIGURE 1
Sheep farm internal roadway and trackway system with location of shed/yard, sampling locations (1–10), field numbers, position of open drain and
stream with critical source area (CSA) delivery point marked.
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TABLE 1 General descriptions of the farm roadway sampling locations on the Sheep Farm with representative images.

Location Description Image

1 Entrance/Exit of Farm Yard
• After gateway, 5 m from farmyard
• Stone aggregate roadway
• Slight gradient, wide to narrow, straight,
transition from field to yard

• Obstruction to animal flow
• Evidence of relatively high P loads from excreta, as
movement of animals slows down

2 Roadway bend leaving Farm Yard
• 30 m from farmyard
• Slight gradient, bend, narrow, smooth surface
• Previous aggregate internal roadway grassed over
• Treeline continues with slope all the way down to
location 6. Sheep can use this line for shading and
resting

3 First narrow gap on roadway
• After gateway
• 100 m from farmyard
• Gentle gradient, straight, narrow, rough uneven
surface

• High levels of excreta evident as sheep slow to
move through narrow gap

• Previous aggregate internal roadway grassed over

4 Straight section of roadway
• Further down slope after location 3
• 150 m from farmyard
• Gentle gradient, wide, straight, smooth surface
• Previous aggregate internal roadway grassed over
• Facing location 6 in the distance

(Continued on following page)
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TABLE 1 (Continued) General descriptions of the farm roadway sampling locations on the Sheep Farm with representative images.

Location Description Image

5 First trackway branching to right
• Offshoot of location 3
• 200 m from farmyard
• Trackway along hedgerow with some shading
• Trackway receives run-on from up-gradient fields
• Significant camber and gradient towards field,
wide, straight, smooth surface

• Previous aggregate internal roadway grassed over.
Obvious distinction from field

6 Second narrow gap on roadway
• 350 m from farmyard
• Obstructions to sheep flow due to narrow
unevenly surfaced gap

• Gentle gradient, narrow, straight, rough surface
• Greater nutrient loads from excreta deposited at
location, as movement of sheep slowed down

• CSA (Figure 1). Roadway, trackway and field
runoff connects with open drainage ditch, which
delivers water to a stream

• Maintenance of open ditch created bank, but
evidence that this bank has been breached
by runoff

7 Second trackway branching to right
• 400 m from farmyard
• Flat gradient, steep camber, wide, straight, grassed
over surface

• Gives sheep access to fields on left side
• Previous aggregate internal roadway grassed over
• Interaction of trackway runoff at this location with
location 6 containing high P source. Locations
6 and 7 combine to form a CSA.

8 Narrow gap on straight trackway
• 500 m from farmyard
• Flat gradient, narrow, rough waterlogged surface
• Along hedgerow with shading
• Previous aggregate internal roadway grassed over
• Puddle under gateway, prone to ponding as little
relief available to drain off naturally

• Not always used for stock as it is so wet.

(Continued on following page)
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above for sheep urine the concentration of P could be as high as
108 mg L−1 (0.3 g P d−1/2.77 L d−1). The number of sheep (Ewe, Rams
and Lambs) on this farm at time of sampling was 544. This number
coupled with the concentration of P and volumes in urine and faeces
documented above gives an indication of daily loads deposited
on the farm.

As the sheep are outside nearly all year (i.e., some housing inWinter
months to protect fields from treading damage) and have access to all
the roadway and trackway networks when grazing different parts of the
farm, the concentrations found during the testing period herein
(i.e., December) may be conservative and warrants a temporal study.
For example, in the dairy and beef unit farm study of Sifundza et al.
(2024) the mean available P concentration for December was
32.4 mg L−1 (min: 6.5 and max: 67.7), and 10.8 mg L−1 (min:
3.1 and max: 37.1), respectively. This month compares to the mean
available P concentration for May was 64.5 mg L−1 (min: 14.2 and max:
149.5) and 15.3 (min: 3.1 and max: 71.2), respectively. In reality for the
dairy farm all locations except one were higher in available P
concentration in May than in December. For the beef farm the vast
majority of locations were higher inMay with some staying the same. It
could be hypothesized that sheep farm locations will also follow
seasonal trends as with dairy and beef farms.

It appears that P losses in runoff (both surface and subsurface)
from pasture-based livestock (cattle and sheep) farming areas will
generally not exceed 2 kg TP ha−1 year−1 (Hooda et al., 2000). The
problem here is that such losses do not have a negative economic

consequence to the landowner (equate to < 5% of nutrients applied)
but can have large impacts on water quality. To put these numbers
into perspective, phosphate impacts on water quality even at very
low concentrations. The Environmental Quality Standard (EQS) for
good status water bodies is 0.035 mg P L−1 and 0.025 mg P L−1 for
high status water bodies. Therefore, as little as 1 kg P when present as
phosphate, lost in roadway runoff will pollute approximately
29 million litres of water (NFGWS, 2020). As the wetting and
drying cycle impacts the P concentration in sediments and soil
and their subsequent release (Smith et al., 2023) a temporal survey of
the road and trackway network is advised. This would match the
approach of Fenton et al. (2022) whereby a spatial survey established
the range of available P concentrations on a dairy roadway network
and a follow-up study by Sifundza et al. (2024) established both the
spatial and temporal trends of available P on the same
roadway network.

Future work should consider other farm and animal types (e.g.,
pigs) that have access to roadways or trackways and examine the
spatial and temporal nature of available P on those networks. In
addition the influence of soil type may be important, e.g., mineral
soils versus high organic soils. This could be a large difference for
upland sheep farms where grazing occurs in upland areas on peat
soils with little or no capacity to hold onto P. In addition an
examination of the sampling and laboratory techniques would be
beneficial. For example, the sampling depth of 1 cmmay capture the
highest concentrations of available P but other stores may be present

TABLE 1 (Continued) General descriptions of the farm roadway sampling locations on the Sheep Farm with representative images.

Location Description Image

9 Straight trackway to gate at public road
• 600 m from farmyard
• Gentle gradient, wide, smooth grassed over
surface

• Access to fields on both sides
• Previous aggregate internal roadway grassed over

10 T junction to internal road accessing public road
• 500 m from farmyard
• Gentle gradient, narrow, lots of evidence of
receiving roadway runoff from up-gradient
roadway sections, rough waterlogged surface

• Ponding of water interacts with fields but not open
drainage ditch

• Previous aggregate internal roadway grassed over
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below this 1 cm layer. At present an agronomic test is being used to
examine available P in a mixed material (aggregate and soil) and
there could be other appropriate tests to examine P storage and loss
dynamics in these materials. For example, Ezzati et al. (2020)
examined source-sink P dynamics of sediment along an
agricultural ditch network using equilibrium P concentrations
(EPC0) and developed sorption isotherms to examine the binding
strength in these materials.

4.3 Connectivity of available P source with
waters and potential management solutions

One area (combines locations 6–7) on the farm was identified as
a CSA (Table 2). These CSAs are small areas of the farm and suitable
for targeted mitigation (Doody et al., 2012). The delivery point to the
open ditch is presented in Figure 1 and identified in the image of
location 6 in Table 1 (yellow dot). The first contributing area is at
location 7 where a high source in the surface materials could be
mobilised during rainfall towards a connected open drainage ditch.
Another area that contributes to the CSA is location 6, where
connectivity exists with the open ditch and the available P source
in the roadway materials is 41 mg L−1.

In terms of environmental management across dairy versus beef
versus sheep farms, as the regulation pertaining to roadway runoff on
farms in Ireland covers all farm types, the onus is on the landowner to
identify where runoff enters waters and to come up with a mitigation
solution to “break the pathway” the soiled roadway runoff delivery point
andwaters. The number of connectivity points on a dairy farm seems to
be consistent with approx. 10% of roadway sections in connectivity with
waters (Maher et al., 2023; Rice et al., 2022). A similar number of
connectivity points was also found by Sifundza et al. (2024) on both
dairy and beef farms studied. So although the source concentrationmay
be different (combination of available P from fresh and roadway
materials) within a CSA across dairy, beef and sheep farms,
environmental management through mitigation will still be needed.

The CSA concept refers to small areas of fields, farms or catchments.
The best application of CSAs to target mitigation actions should be at
such small areas but only where they account formost contaminant loss
(McDowell et al., 2024). With respect to roadway and trackway runoff
the contribution to overall P losses at farm and catchment scales has not
been established and this needs further investigation and indeed
consideration in future regulation and policy. At present all CSAs
within the roadway and trackway network regardless of their
contribution to overall catchment losses require environmental
management through source minimization and mitigation.

Possible mitigation solutions for the present farm would be to
prevent runoff from these areas entering the open ditch (considered
water under current regulations in Ireland) by breaking the pathway. A
suggestion would be installation of a diversion bar or to change the
camber of the trackway towards the field or to bund the open drainage
ditch. Options and costs of these mitigation measures are detailed in
Fenton et al. (2021). It is important to note that waterlogged soils have
the potential to release available P to a greater extent than the
surrounding soils. This is the case along flow pathways, e.g.,
roadway or trackway runoff pathways which are constantly wetting
and drying. Thework of Smith et al. (2023) indicate that high soil profile
saturation, low nitrate (NO3

−), and increased temperature induce P
release, potentially via reductive dissolution. Without the buffering
influence of NO3

− in a soil profile, anaerobic conditions caused by
inundation could cause a soil profile to become Fe- and Mn-reducing
and release associated P.Therefore, the period of greatest risk is likely to
be when saturation (i.e., anaerobia and reduction) overlaps with
increasing temperatures. This established winter to spring as risky
periods for P loss, due to the combination of: existing moisture;
warmer temperatures; minimal rainfall quantities required to
saturate the soil profile; and, NO3

− is likely to be depleted via
leaching from the soil. This again highlights why it is important to
understand where saturation and wetting and drying cycles occurs on a
given farm. For instance: in typically poorly-drained soils; in low-lying
areas where flow from upslope would accumulate (e.g., locations 5 and
10); or on soils or roadways over poorly-permeable layers.

TABLE 2 Sample mean results for the spatial sampling in December 2022.

Location pH Morgan’s P Total P Morgan’s K Al B Ca Co Cu Fe Mn Zn

mg L-1 mg kg-1

1 7.54 111.00 256.66 344.00 30.92 0.07 4135.57 0.48 3.57 284.39 120.59 26.25

2 6.26 42.95 212.97 375.50 569.48 0.48 2986.36 0.38 3.56 318.05 80.32 21.52

3 6.86 79.60 274.89 573.50 491.60 1.00 2772.06 0.79 4.33 437.73 110.12 37.24

4 6.36 58.15 253.31 628.00 621.68 0.32 2292.91 0.61 2.81 346.11 107.62 14.67

5 6.30 48.45 272.31 488.50 642.72 0.96 2952.34 0.70 3.39 351.19 121.58 15.34

6 6.23 41.60 231.54 459.50 575.40 0.93 2443.63 0.78 3.91 468.73 121.37 22.82

7 6.10 87.35 415.97 575.00 559.46 1.36 3170.15 0.63 2.52 323.54 101.75 28.27

8 6.23 35.55 261.94 372.00 717.45 0.81 2127.20 0.49 3.48 449.34 88.95 9.21

9 5.87 26.30 140.29 272.50 514.32 0.50 2950.10 0.37 3.22 474.31 85.22 10.77

10 6.53 97.70 341.72 776.50 367.98 1.03 3419.97 0.73 3.33 386.01 119.05 23.50

Mean 6.43 62.87 266.16 486.50 509.10 0.75 2925.03 0.60 3.41 383.94 105.66 20.96
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5 Conclusion

Roadways and trackways used by sheep exhibited high
concentrations of available P across the ten locations sampled and
exhibited a different signature to that of field soil. Concentrations were
above previously studied beef farms but on a par with dairy farms
studied. One location was considered critical source areas (combination
of locations 6–7), where a source from a soiled roadway runoff entered a
dry open ditch connecting directly with a nearby stream. Mobilisation
of roadway and trackway runoff to these delivery points occurs during
rainfall events. These locations are in need ofmitigation, e.g., installation
of a diversion bar or establishment of a buffer area to break the pathway
and block nutrients and sediment entering waters. As sheep have access
to the entire roadway and trackway system throughout the year (apart
for a brief winter housing period) the temporal distribution of available
P on sheep farm roadways and trackways should be investigated and
compared in lowland and upland areas.
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FIGURE 2
Mean available phosphorus (P) concentrations and standard deviation (stdev) for each sampling location.
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