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Themobilisation and impact of roadway runoff on dairy farms has been established
as a sub-component of the nutrient transfer continuum. It is acknowledged that
fresh nutrient sources deposited on roadways dominate runoff and recentwork has
shown that available phosphorus (P) in roadway substrates is also an important
source component. The objectives of this study were to understand spatial and
temporal available P concentrations in roadway substrate (aggregate and soil mix)
across dairy and beef farms during the open (February–October, when cows use
the roadway network and fields) and closed (November–January, when cowswere
housed) periods and identify locations which could be considered critical source
areas (CSA). For the study, roadway substrate sampleswere taken at 18 locations on
each farm, across eight sampling periods, andwere analysed for available P. Results
showed that mean available P concentrations (Morgan’s P) in the sampling
locations ranged from 15.9 to 101.4 mg L-1 for the Dairy Farm, from 4.1 to
59.4mg L-1 for Beef Farm 1 and from 6.3 to 23.2mg L-1 for Beef Farm 2. In
open period, the results showed that mean available P concentrations were
75.4 ± 30.9, 14.9 ± 3.2 and 13.4 ± 2.5 mg L-1 for the Dairy Farm, Beef Farm 1
and Beef Farm 2, respectively. In closed period, the mean available P were 40.3 ±
17.2, 10.4 ± 1.0 and 9.8 ± 0.2mg L-1 for Dairy Farm, Beef Farm 1 and Beef Farm 2,
respectively. Overall, P concentrations on the Dairy Farm roadways was up to
4 times greater than that in the Beef Farms’ roadways. Compared to soils in
adjacent fields, P concentrations in the Dairy and Beef Farms roadways was up-
to 7 and 2 times higher, respectively. Critical roadway sections that required
mitigation were two in the Dairy Farm, one in Beef Farm 1 and two in Beef
Farm 2. In addition to fresh faeces and urine (i.e., dominant source of nutrients
in farm roadways), this study showed that nutrient enriched roadwaymaterials are a
labile P source. Thus, futuremitigation of roadway runoffmust consider all roadway
nutrient sources, including livestock fresh excreta as well as used roadway
surface materials.

KEYWORDS

agriculture, nutrient continuum, critical source area, runoff, water quality

OPEN ACCESS

EDITED BY

Stevo Lavrnic,
University of Bologna, Italy

REVIEWED BY

Bingqian Fan,
Chinese Academy of Agricultural Sciences
(CAAS), China
David William O’Connell,
Trinity College Dublin, Ireland

*CORRESPONDENCE

Lungile Senteni Sifundza,
lungile.sifundza@teagasc.ie

RECEIVED 25 March 2024
ACCEPTED 24 May 2024
PUBLISHED 12 June 2024

CITATION

Sifundza LS, Murnane JG, Daly K,
Lopez-Sangil L, Leach S, Tuohy P, Cardiff J and
Fenton O (2024), Phosphorus in farm roadway
substrates: contrasting spatial and temporal
patterns in dairy and beef farms.
Front. Environ. Sci. 12:1405378.
doi: 10.3389/fenvs.2024.1405378

COPYRIGHT

© 2024 Sifundza, Murnane, Daly, Lopez-Sangil,
Leach, Tuohy, Cardiff and Fenton. 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 12 June 2024
DOI 10.3389/fenvs.2024.1405378

https://www.frontiersin.org/articles/10.3389/fenvs.2024.1405378/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1405378/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1405378/full
https://www.frontiersin.org/articles/10.3389/fenvs.2024.1405378/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2024.1405378&domain=pdf&date_stamp=2024-06-12
mailto:lungile.sifundza@teagasc.ie
mailto:lungile.sifundza@teagasc.ie
https://doi.org/10.3389/fenvs.2024.1405378
https://creativecommons.org/licenses/by/4.0/
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.2024.1405378


1 Introduction

On poorly draining soils, phosphorus (P) sources can become
mobilised during and shortly after rainfall along different surface-or-
near-surface runoff pathways (Sharpley et al., 2001; Adams et al., 2020;
Ezzati et al., 2020) and if unimpeded, can discharge to fresh water
systems with negative environmental impacts (Adams et al., 2014;
Mellander et al., 2022; McDowell et al., 2023). Excess P to freshwater
causes eutrophication, increasing algal bloom and other aquatic plants
resulting in reduced dissolved oxygen required by aquatic ecosystem

(Smith et al., 1999; Jarvie et al., 2013; Cassidy et al., 2017). To mitigate
the environmental challenges presented by P mobilisation, many
international, regional and local policies and legislation for
agricultural nutrient management have been developed and continue
to be modified and implemented at farm level (Vadas et al., 2018). For
instance, as part of the European Union Water Framework Directive
(EU WFD) (2000/60/EC), all waterbodies must achieve at least good
water quality status by certain reporting periods. For agriculture, the
Nitrates Directive (91/676/EEC) aims to protect water quality from
pollution by agricultural sources and to promote the use of good

FIGURE 1
Location of the three study farms in Ireland (Wexford) within the Johnstown Castle Estate.

TABLE 1 Farm characteristics used in the present study. LU/ha is livestock units per hectare.

Parameters Dairy farm Beef farm 1 Beef farm 2

Area (ha) 70.0 51.1 52.7

Number of Cows 140 230 250

Cow unit per hectare (LU/ha) 2.0 4.5 4.7

Length of internal roadways (km) 3.40 2.84 3.54

Possible connectivity pathways to
waters

Open drainage ditch, subsurface
drainage

Open and piped drainage ditch, subsurface drainage Open drainage ditch, subsurface
drainage, river

Soil drainage classes on farm Excessively to poorly drained Imperfect-poor and small proportion of moderate-
well drained

Imperfect-poor and moderate-well
drained
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farming practice. All EU Member States are required to prepare a
National Nitrates Action Programme (NAP) that outlines the rules for
the management and application of livestock manures and other
fertilisers on farms. For example, in the Nitrates Directive (S.I No.
605 of 2017) in Ireland, a rule from 1st January 2021 states that roadway
runoff cannot enter waters on all farms. These regulations apply year-
round (i.e., open period when animals are outside for up to 12 h a day
and closed periods when they are housed). Presently, Nitrates
Derogation allows farmers to exceed the limit of 170 kg of livestock
manure nitrogen per hectare set down in the Nitrates Regulations, up to
a maximum of 220 kg or 250 kg per hectare, subject to adherence to
stricter rules that aim to protect water quality.

Internal roadways on dairy farms were established as a sub-
component of the nutrient transfer continuum by Fenton et al.
(2022) with distinct source-pathway-mobilisation and impact
components. The study showed that surface substrate materials
of roadways were identified as a P source component. In Ireland,
roadway surface materials are a composite of locally sourced crushed
stone aggregate (negligible P concentration) and soil from
neighbouring fields where animals graze (Fenton et al., 2021).
The nutrient content in the surface material is a product of the
fertilised soil and animal deposits (dung pats and urine) that fall

onto the roadway surface during animal movement to and from the
milking parlour to grazing fields (Hubbard et al., 2004; Phillips et al.,
2013). Fenton et al. (2022) examined the spatial P distribution of
farm roadway material on a dairy farm in the south-east of Ireland
and measured concentrations, up to 14 times greater than the
highest index four threshold of 8.0 mg Morgan’s P L-1 (available
P) for grassland soils. In Ireland, the P index system is used as guide
to application of fertiliser P for grasslands and other crops and
classifies soil available P from ‘very low’ (soil index 1, good crop
response potential to P application) to ‘sufficient/excess’ (soil index
4, no crop response potential to P application) (Dunne et al., 2021).
On the dairy farm, Fenton et al. (2022) showed direct connectivity
between available P on the roadway surface and waters, identifying
three distinct critical source areas (CSA).

Within agriculture in Ireland, pastoral agricultural systems are the
main contributors to surface water degradation (EPA, 2020;Maher et al.,
2023). Moreover, 12% of agriculture-related ammonia emission in
Ireland is from livestock production through dung and urine deposits
(Fischer et al., 2016). However, dairy and beef farming are the most
practised (approx. 7.3 million cattle) and profitable pastoral farming
systems (Central-Statistics-Office, 2020). For example, beef farming
alone contributes to over 25% of total agricultural output in Ireland,

FIGURE 2
Internal farm roadway network, location of bridges across streams (n = 2), underpasses under public roadways (n = 3), surface water streams,
artificial lakes, and farmyards (n = 3). Red dots represent roadway material sampling locations for the three study farms.
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which is among the top 10 beef exporters globally (Teagasc, 2023). Dairy
and beef pastoral systems have succeeded because of the temperate
climate, which allows growing of grass for a longer season (Maher et al.,
2023). Phosphorus concentrations within internal roadways could vary
spatially and temporally, depending on farm typology. For example, in
dairying, the farm roadways are generally intensively used during the
milking season (twice a day), especially near the farmyard and the
milking parlour (McDowell et al., 2020b). Whereas in beef farms, farm
roadways are used more sporadically (Teagasc, 2020b). Furthermore,
Fenton et al. (2021) highlighted future research should investigate the
spatial and temporal distribution of P deposited on roadways during the
open (February to September) and closed periods (hydrologically active
period from October to January), when animals graze and are housed,
respectively on beef and dairy systems.

The objective of the present roadway surface material study
was to: 1) compare and contrast spatial and temporal available P
concentrations across a dairy farm and two beef farms during the
open (February—October) and closed (November—January)
periods and 2) discuss which locations could be considered
CSA’s, where connectivity between the source and waters
needed to be broken. For this study, roadway material samples
were taken at 18 locations on each farm, across eight sampling
periods covering open periods, when animals were using the
roadway network and fields, and closed periods when animals
were housed, and the roadways were not being used. Visual
examinations at each location established if a CSA existed
across the sampling locations and for those established as
such, mitigation actions are discussed.

TABLE 2Roadway sampling locations on theDairy Farmwith description of sampling sites, distance from farm yard, roadway gradient andwidth description
and reason for selection (adapted from Fenton et al. (2022) with new location 18).

Sample site
number

Distance along roadway to farm
yard (m)

Reason for selection

1 750 Entry to underpass 1—Cow flow obstructed at entry to underpass, potential of high P loads from
excreta as cow movement slows down

2 48 Entry to under pass 2—Cow flow obstructed at entry to underpass, greater nutrient loads
potential from excreta as movement of cows slows down

3 735 Standoff area associated with underpass 1—Obstruction to cowmovement at underpass entrance
forces some cows to stand in this area, potential high level of nutrients originating from excreta,
mainly trafficked by machinery

4 70 Standoff area associated with underpass 2—Used as standoff area for cows waiting to access
underpass, potential high levels of nutrients from cow excreta

5 480 Junction—Obstruction to cow flow at junction as movement of cows slows down, greater
potential of nutrient loads from excreta deposited

6 340 Junction—Obstruction to cow flow at junction as movement of cows slows down, greater
potential of nutrient loads from excreta deposited

7 210 Straight section with side track interaction—Obstruction to cow flow at side track interaction
position reducing their pace, defecating and urinating in a normal manner

8 630 Straight section with side track interaction—Obstruction to cow flow at side track interaction and
therefore, opportunity for cow deposition of excreta

9 460 Straight section with side track interaction—Obstruction to cow flow at side track interaction and
therefore, opportunity for cow deposition of excreta

10 60 Straight section—Obstruction approaching the farmyard, reducing pace and therefore,
opportunity for cow deposition of excreta

11 80 Straight section—Obstruction approaching the farmyard, slowing movement and therefore,
opportunity for cow deposition of excreta

12 105 Straight section—No obstruction to cow flow, conducive to cows walking at natural pace,
defecating and urinating in a normal manner

13 128 Straight section—No obstruction to cow flow, conducive to cows walking at natural pace,
defecating and urinating in a normal manner

14 620 Straight section—Obstructions to cow flow, opportunity for cow deposition of excreta

15 700 Straight section—No obstruction to cow flow, conducive to cows walking at natural pace,
defecating and urinating in a normal manner

16 800 Straight section—Dip in roadway only consideration to affect cow flow, roadway camber towards
ditch

17 675 Low cow traffic location—No obstructions to cow flow, very low cow traffic experienced annually

18 660 Straight section—No obstructions to cow flow, very low cow traffic experienced annually, Close
to a water lagoon
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2 Materials and methods

2.1 Study farms

The study was conducted on three adjacent farms located at
Johnstown Castle, Wexford, in the southeast of the Republic of
Ireland (Figure 1). The Johnstown catchment receives an annual
average rainfall of about 1,100 mm and comprises a high intensity
grass-based dairy farm (Dairy Farm) and two low intensity beef

farms (Beef Farm 1 and Beef Farm 2), whose characteristics are
summarised in Table 1. While soil type is variable across the farms
exhibiting well, moderate, and poor drainage, the internal farm
roadway networks are extensive (Table 1). In poorly draining soils,
artificial drainage systems consisting of underground tile drains and
open surface ditches have been installed, providing connectivity to
waters in some areas (Clagnan et al., 2019). The farm roadway
network, the stream network and roadway material sampling
locations for each of the three farms are presented in Figure 2.

TABLE 3 Roadway sampling locations on the Beef Farm 1 with description of sampling sites, distance from farmyard, gradient and width description and
reason for selection.

Sample site
number

Distance along roadway to farm
yard (m)

Reason for selection

1 5 Entrance/Exit of farmyard—Transition from concrete yard to farm roadway, potential high P
loads from excreta as movement of cows slows down

2 30 Bend exiting farmyard—Greater potential of nutrient loads from excreta deposited at location as
movement of cows slows down, prone to ponding

3 80 Small junction for animals—High potential of nutrients originating from cow excreta. Cow
observed to stop and circle backwards around this location

4 130 Junction with dairy roadway—Evidence of roadway runoff from side road and presence of open
drainage ditches, trafficked by both machinery and cows, nutrient loads can interact with
mobilisation of roadway runoff and waters

5 200 Bend on main roadway—Impediment to cow movement, roadway receives run-on from up-
gradient fields with some capture in a shallow open drainage ditch, potential for nutrient loads
from excreta deposited at location, as movement of cows is slowed down

6 300 Minor junction connected with dirt track—Obstructions to cow flow when main roadway is
fenced off and animals are accessing dirt track. Greater potential of nutrient loads from excreta
deposited at location when fenced-off

7 350 Dirt track up-gradient of main roadway—Potential interaction of roadway runoff in this location
with either fields or open drainage ditches

8 350 Straight section of roadway—Collects runoff from field and directs towards subsurface tile
drainage system and connects to a river (Ezzati et al., 2020) (Figure 2)

9 400 Dirt track down-gradient of main roadway—Access to fields on both sides. Open drainage ditch
begins here and links up with larger subsurface system and surface ditches around moat (raised
bank)

10 500 Bend—Lots of evidence of receiving roadway runoff from up-gradient roadway sections,
ponding of water interacts with fields and not open drainage ditch

11 500 Straight section of roadway—Lots of evidence of roadway runoff collection, mobilisation and
interaction with semi-natural habitat, potential to interact with open drainage ditch network
with connectivity to broader drainage system

12 650 Straight section of roadway—Evidence of roadway runoff and surface damage

13 700 Crossroads—can have high or low animal activity, e.g., options here for animals to circle around,
variable soil drainage classes from well drained to poor

14 750 Dirt Track—Opportunity for cow access on right side with water trough on roadway edge,
evidence of runoff but no connectivity to waters

15 850 Straight section of roadway—No obstructions to animal flow, conducive to animals walking at
natural pace, defecating, and urinating in a normal manner, open drainage ditch on one side and
field on the other

16 850 Straight section of roadway—Open drainage ditch on right side with delivery point for roadway
runoff to enter ditch, prone to ponding

17 900 Bend in main roadway towards underpass—Surface shows evidence of roadway runoff and
damage due to cow and water movement. Movement of animals can be slowed with potential for
circling and backing up

18 1,050 T junction to underpass—Movement of animals can be slowed here depending on management
with potential for circling and backing up
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TABLE 4 Roadway material sampling locations on the Beef Farm 2 with description of sampling sites, distance from farm yard, gradient and width
description and reason for selection.

Sample site
number

Distance along roadway to farm
yard (m)

Reason for selection

1 60 Underpass entrance—Obstruction to cow movement, high potential of P loads from cow excreta
as movement of cow slows down

2 30 Crossing point entering handling yard—Obstruction to cow movement as they move from loose
material to concrete, prone to ponding. Potential of nutrient loads from excreta deposited as
movement of cow slows down

3 150 Bend at bottom of roadway—Underneath pipe taking water into field, water ponding and
entering open drain at side of roadway

4 300 Junction—Wide open area leading animals to slow down and circle back. Machinery from agro-
forestry installation

5 50 Road from farmyard side towards bridge of a river—Impediment to cow flow. Roadway receives
run-on from up-gradient fields with some capture in a shallow open drainage ditch. Potential for
nutrient loads from excreta deposited as movement of cows slowed down

6 60 River Bridge Crossing—Slow movement of cows from both sides, in connection with waters
(river) at both sides of the bridge and ponding occurs

7 120 Top of steep roadway that leads from bridge—Cows slow to handle steep slope and source builds
up. Major roadway runoff area that interacts with a river

8 160 Straight roadway low point—Evidence of runoff occurring and entering semi natural habitat with
potential to enter a river

9 250 T junction—Prone to ponding with runoff entering semi natural habitat with potential to enter a
river

10 350 Dirt track—Cows walk on grassy areas of roadway. Evidence of runoff flowing down roadway for
150 m to field at end

11 150 Roadway towards bridge crossing—Evidence of roadway runoff from up-gradient roadway
sections. Potential for runoff follows camber to right with delivery down steep slope to a river

12 160 Bridge crossing 2 over a river—Connectivity opportunities to waters at both sides of the bridge.
Change from roadway material to concrete

13 200 Uphill from bridge crossing 2—Cow movement slowed due to grazing of grassy areas while
climbing slope. Evidence of runoff which directly enters a river

14 250 T junction uphill from bridge crossing 2—Animal flow slowed here due to width, circling and
backing up occurs

15 350 Entrance to a paddock—Cow movement slows due to change in surfaces after crossing public
road. Evidence of runoff onto public road with potential indirect connectivity to a river at bottom
of hill

16 500 Straight roadway section—Evidence of runoff with sediment deposits where ponding occurs and
runoff enters buffer area. Diversion bar in place with wedge cut to facilitate delivery to buffer area

17 650 Bend on roadway—Evidence of runoff entering open drainage ditch on right hand side with
potential to enter a river

18 750 Gradual bend on the roadway—Evidence of considerable runoff with material washed out of
road. Evidence of water entering open drainage ditch on right hand side with potential to a river

TABLE 5 Sampling period for 18 locations on each of the three study farms.

Study farm Sep 2022 Oct 2022 Nov 2022 Dec 2022 Jan 2023 Mar 2023 May 2023 Oct 2023

Dairy Farm ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Beef Farm 1 ns ns ✓ ✓ ✓ ✓ ✓ ✓

Beef Farm 2 ns ns ✓ ✓ ✓ ✓ ✓ ✓

Note: ns = not sampled.
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2.2 Farm roadway sampling

Samples of roadway material were collected as described by
Fenton et al. (2022) from farm roadways at 18 locations on each
farm (Figure 2). It is important to note that the roadway material
that was collected did not incorporate fresh faecal material,
therefore contaminated areas with fresh excreta material from
cows were avoided. Sampling locations on each farm were
selected based on the usage and the potential of the roadway
section to be a hotspot for cow excreta. At each sampling location,
two roadway material samples were randomly taken from the
surface of the roadway (i.e., substrate taken to a maximum depth
of 1 cm) using a scoop and/or spade if roadway material was
consolidated. The roadway material samples were placed in
labelled sample bags and transported directly to the soil
laboratory for analysis. As a control, fresh unused roadway
material (limestone chipping), which was stock-piled in
storage on the farm, was sampled and analysed. To compare
roadway available P material concentrations at certain locations
to the adjacent fields, soil sampling records for every field to
inform nutrient management planning were used.

Detailed information and representative photographs of each
sampling location for each farm is shown on Table 2; Figure 3 for
Dairy Farm, Table 3; Figure 4 for Beef Farm 1 and Table 4; Figure 5
for Beef Farm 2. In all three farms, sampling was done between
September 2022 and October 2023 for the Dairy Farm, and
November 2022 and October 2023 for the two Beef Farms

(Table 5). The months of November, December and January
were sampled to represent the closed period and the months of
March, May, September and October were sampled to represent the
open period of the year.

2.3 Laboratory analyses

All collected roadway material samples were oven dried at 40°C,
sieved through 2 mm sieve to remove debris and stored at room
temperature before analysis. Morgan’s extraction solution,
composed of sodium acetate and acetic acid reagent buffered at
pH 4.8, was used to determine available P. Three-millilitre volume
(3 mL) of farm roadway substrates samples were shaken for 30 min
at room temperature with 15 mL Morgan’s solution (ratio of 1:5)
and then filtered (Morgan, 1941). The filtrates were then analysed
for P concentration using the principle of flow injection analysis on
the Lachat QuickChem 8,500 series continuous flow analyser.

2.4 Data analysis

All results generated in this study were analysed using Minitab
v17 and GraphPad Prism v 9.1.0 statistical software for spatial and
temporal distribution of roadway material nutrient status between
farms, and for correlations and differences. Analysis of Variance
(ANOVA) was used to identify significant differences in the P

TABLE 6 Mean values of P concentrations (mg L-1) in the three farms within each sampling location for both closed and open periods.

Sampling location Dairy farm Beef farm 1 Beef farm 2

L1 76.5 ± 60.6 abc 9.4 ± 29.8 a 11.0 ± 4.1 c

L2 85.0 ± 39.2 abc 11.8 ± 4.5 bc 10.8 ± 1.4 c

L3 15.9 ± 13.0 c 11.4 ± 5.2 bc 6.3 ± 1.7 c

L4 40.0 ± 24.4 abc 10.3 ± 2.5 bc 8.6 ± 1.6 c

L5 63.3 ± 27.4 abc 9.3 ± 2.5 bc 12.0 ± 3.9 bc

L6 59.9 ± 40.4 abc 9.2 ± 3.0 bc 12.3 ± 4.7 bc

L7 78.3 ± 39.0 abc 24.4 ± 12.1 b 7.3 ± 2.8 c

L8 67.2 ± 25.5 abc 8.0 ± 1.7 bc 8.2 ± 2.5 c

L9 65.0 ± 44.3 abc 9.6 ± 2.7 bc 14.2 ± 5.0 abc

L10 101.4 ± 61.1 a 11.0 ± 3.8 bc 12.8 ± 2.1 bc

L11 94.9 ± 46.0 ab 10.0 ± 6.4 bc 11.5 ± 6.2 bc

L12 92.7 ± 59.8 ab 13.3 ± 8.9 bc 14.4 ± 4.4 abc

L13 62.6 ± 22.8 abc 6.6 ± 1.2 bc 12.3 ± 3.3 bc

L14 43.6 ± 27.0 abc 4.1 ± 2.8 c 23.2 ± 9.6 a

L15 69.4 ± 15.3 abc 12.3 ± 7.0 bc 20.7 ± 5.3 ab

L16 42.4 ± 17.4 abc 4.3 ± 1.6 c 7.0 ± 1.5 c

L17 31.2 ± 13.8 bc 5.1 ± 2.8 bc 7.8 ± 1.6 c

L18 30.6 ± 13.1 bc 8.0 ± 2.1 bc 8.0 ± 2.6 c

Note: Numbers after ± are standard deviation of the entire sampling period for each location. Small letters represent significant difference at p < 0.05, P means that do not share a letter in each

column are significantly different.
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concentrations between the sampling locations and periods sampled
at a significance level p < 0.05. The Pearson correlation analysis was
also used to determine if there is any relationship between the P
concentrations and rainfall in the study area.

3 Results

3.1 Roadway material pH

The mean pH of the roadway material was 7.56 ± 0.30, 7.89 ±
0.43 and 7.71 ± 0.49 for the Dairy Farm, Beef Farm 1 and Beef Farm
2, respectively. This was slightly lower than the mean pH (8.76) of
the fresh road surface stone aggregate that was used to construct the
roadways. Mean pH of the field soils adjacent to the roadways in
2023 were 6.2 ± 0.28, 6.3 ± 0.35 and 6.4 ± 0.27 in the Dairy Farm,
Beef Farm 1 and Beef Farm 2, respectively. The target pH for
grassland fields is 6.2, to optimise grass yields and minimise
nutrient losses as low pH makes P less available by binding with
aluminium or iron compounds while high pH levels tend to
precipitate phosphate with calcium (Teagasc, 2020a).

3.2 Spatial patterns of available P

The mean values of the available P concentrations measured on
18 sampling locations in each farm are presented in Table 6. The
overall trend indicates that the Dairy Farm had the highest mean
spatial concentration of available P, while the P concentrations for
the beef farms were comparable with each other, except for L1 on
Beef Farm 1.

Specifically for the Dairy Farm, available P concentrations
ranged from 15.9 ± 13.0 to 101.4 ± 61.1 mg L-1 at the different
sampling locations. The highest mean P concentration of 101.4 ±
61.1 mg L-1 was observed at L10, which is a straight section of the
roadway approximately 60 m from the farmyard. However, it was
comparable to L11 and L12, which had 94.9 ± 46.0 and 92.7 ±
59.8 mg P L-1 respectively. L1, L2, and L7 also showed high mean
P concentrations ranging from 76.0± −85.0 mg L-1. Furthermore,
L5, L6, L8, and L13 had mean P concentrations ranging from
59.9 ± 40.4 to 67.2 ± 25.5 mg L-1. The lowest mean P
concentration ranged from 15.9 ± 13.0 to 43.6 ± 27.0 mg L-1

and these were observed in sampling L3, L14, L16, L17, and
L18. When comparing between L10 (highest) and L3 (lowest), the

FIGURE 3
Roadway network of the Dairy Farm and sampling locations with representative photographs. Table 3 contains location details.
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increase in P concentrations was 84.2% and they are significantly
different at p < 0.05 (Table 6).

For Beef Farm 1, the results showed that the mean P
concentrations in L1 (59.4 mg L-1) was significantly (p < 0.05)
different from the other 17 sampling locations. L7 (24.4 mg L-1)
was significantly different to L14 (4.1 mg L-1) and L16 (4.3 mg L-1)
but not the other 14 sampling locations (Table 6). The mean P
concentration in the other sampling locations, i.e., L2, L3, L4, L5,
L6, L8, L9, L10, L11, L12, L13, L15, L17and L18 were comparable
ranging between 5.1 ± 2.8 to 13.3 ± 8.9 mg L-1. When comparing
the Beef Farm 1 results to Dairy Farm, 89% of the sampling
locations in Beef Farm 1 had mean P concentrations lower
than 15 mg L-1 which was the minimum concentration in
the Dairy Farm.

For Beef Farm 2, the mean P concentrations ranged from
6.31 ± 1.7 to 23.2 ± 9.6 mg L-1 (Table 6). L14 (T junction uphill
from bridge crossing, see Table 6; Figure 3) had the maximum
mean P concentration but was not significantly different (p <
0.05) to the P concentration in L9, L12 and L9. However, L14 was
significantly different to the other 14 sampling locations as
shown in Table 6. The minimum P concentration was at L3
(bend at bottom of roadway).

3.3 Temporal patterns of available P

The monthly mean P concentrations for all locations
exhibited a seasonal trend across all three farms (Table 7). For
the Dairy Farm, September and October 2022 (just before the
closed season) had a significantly (p < 0.05) higher available mean
P concentration relative to all sampled months (109 ± 46.4 mg L-1

and 105 ± 42.5 mg L-1, respectively). Whereas, January 2023
(closed period) had significantly lower mean available P of
28.4 ± 9.5 mg L-1 concentration relative to September 2022,
October 2022 and May 2023 but was not significantly different
to November 2022, December 2022, March 2023 and October
2023 (Figure 6). The available P concentrations in the other
remaining months were not significantly different from each
other but it varied with the different sampling locations.
Generally, the mean available P concentration results showed
a decreasing trend from November 2022 until January 2023
(closed period) followed by increases again in March and May
(open period, Figure 6).

For Beef Farm 1, the P concentrations were not significantly
(p < 0.05) different between the months (Figure 6). However, the
highest mean P concentration (17.9 ± 25.3 mg L-1) was observed

FIGURE 4
Roadway network of the Beef Farm 1 and sampling locations with representative photographs. Table 4 contains location details.
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in March 2023 (open period), while the lowest mean was 9.3 ±
6.9 mg L-1 recorded in January 2023 (closed period). In the other
months, the mean P concentrations ranged from 10.8 to
15.3 mg L-1. In Beef Farm 2, March 2023 had significantly
higher (p < 0.05) mean P concentration (15.6 ± 8.2 mg L-1)
relative to November 2022, December 2022, and January
2023 but not significantly different from May and October
2023 (Figure 6). Overall, the P concentrations followed the
same trend over the months in all three farms studied. The P
concentration generally declined around the closed period,

winter months, i.e., December and January and increased in
the open period.

3.4 Available P of adjacent fields to
sampling locations

Available P concentrations on farm roadways in all farm
typologies was higher than the P concentration in the soils of
the adjacent fields (Figure 7). In grasslands soils, the target

FIGURE 5
Roadway network in the Beef Farm 2 with representative photographs of the sampling locations. Table 5 contains location details.

TABLE 7Mean P concentrations inmg L-1 showing the temporal variation of available P concentrations for all three farms (September 2022 -October 2023).

Month-year (Open/Closed period) Dairy farm Beef farm 1 Beef farm 2

Sep-22 (open) 109.3 ± 46.4 ns ns

Oct-22 (open) 105.0 ± 42.5 ns ns

Nov-22 (closed) 60.0 ± 22.5 11.2 ± 7.9 9.9 ± 4.4

Dec-22 (closed) 32.4 ± 14.6 10.8 ± 8.4 9.5 ± 4.2

Jan-23 (closed) 28.4 ± 9.5 9.3 ± 6.9 9.9 ± 4.9

Mar-23 (open) 61.2 ± 41.9 17.9 ± 25.3 15.6 ± 8.2

May-23 (open) 64.5 ± 39.4 15.3 ± 15.1 13.9 ± 5.6

Oct-23 (open) 36.9 ± 17.3 11.6 ± 5.3 10.7 ± 5.3

Note: Numbers after ± are standard deviation of the 18 sampled locations in each month, ns = not sampled.
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index P is index 3 (P between 5.1 and 8.0 mg L-1) and greater
than 8.0 mg L-1 (index 4) has environmental implications. The
average P concentration on the grassland fields in the Dairy
Farm was found to be 8.6 mg L-1 while in the beef farms were
7.0 and 4.8 mg L-1 for Beef Farm 1 and Beef Farm 2,
respectively.

3.5 Rainfall and available P concentrations

The Dairy Farm was used to correlate with rainfall as it
exhibits very high mean P concentration on the roadways.
Figure 8 shows the relationship between the mean monthly P
concentrations observed in the Dairy Farm and cumulative
rainfall recorded 30 days before each sampling date.
Statistically, there was a significant negative correlation (p <
0.05) between the mean monthly P concentrations from the Dairy
Farm and the rainfall with r2 = 0.47 and p = 0.0377. When the
rainfall received was high, the available P from the roadway
material decreased, as no new material was being deposited on
the roadways (animals were housed).

4 Discussion

4.1 Spatial and temporal aspects of available
P concentrations

Spatially on the Dairy Farm, the results from this study concur with
those of Fenton et al. (2022) and demonstrate that farm roadways on
these farming systems have elevated P concentrations and are a sub-
component of the nutrient transfer continuum. However, the temporal
data suggests that this source is available all year round to be lost in
roadway runoff.Highest concentrations are found during the open period
but are sustained and start to decline over the closed period (due to lack of
fresh deposits as cows are housed and frequent rainfall during that period)
only to rise again once cows are given access to paddocks for grazing.
What is also interesting is that the spatial and temporal signal of beef
farms although lower than that of the dairy system was not insignificant
and therefore needs to be managed within critical source areas.

Spatial results concur with animal movement dynamics, with
some areas within the roadway network more vulnerable to P
deposition and storage of nutrients within surface materials
(i.e., as animals slow or are impeded) (Vero and Doody, 2021). It

FIGURE 6
Temporal variability of available phosphorus concentrations for differentmonths in the three farms; (A)Dairy Farm, (B) Beef Farm 1 and (C) Beef Farm
2. Small letters above each box plot represent significant difference (p < 0.05) ofmean P of eachmonth compared to others. Bars that do not share a letter
are significantly different.
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must also be noted that the present study only samples roadway
materials, where fresh deposits on roadways would also contribute
to roadway runoff concentrations during runoff events. In the
current study, P concentrations were higher in locations closer to
farmyards (within ~100 m) because they are most frequently used by
the cows, sometimes in standing positions with associated high
excreta deposits. For example, L10, L11, and L12 in the Dairy Farm
had higher P concentrations because these were roadways that lead
to the farmyard so animals use them twice daily when they are going
for milking. L10, L11, and L12 were 60 m, 80 m, and 105 m,
respectively away from the farmyard. In Beef Farm 1, L1 had the
highest mean P concentrations than the other sampling locations
because the sampling location was about 5 m from the beef farmyard
which cows frequently visit. This frequency of animals using the

same roadway increase the excreta deposited into the roadways thus,
showing higher P relative to other farm roadways sections (Vero and
Doody, 2021). Similar observations have been reported by
McCormick et al. (2009) who indicated that areas closer to farm
yards had larger P concentrations due to their proximity to farm
buildings thus, prone to receiving leakages from silos and yard
washings. Additionally, the higher accumulation could be associated
with cow movements towards farmyards being impeded due to a
change of surface road material from aggregate and soil to concrete,
thus reducing pace and therefore, increasing opportunities for cow
deposition of excreta (Ebling et al., 2022).

Results also showed elevated available P concentrations on roadways
associated with underpasses. For example, sampling L1 and L2 in the
Dairy Farm showed P concentrations of 76.5 and 85.0 mg L-1,
respectively, while sampling location one in the Beef Farm 2 showed
mean P of 11.0 mg L-1. These sampling locations were located at an
underpass, where cows move under public roadways. The source of
nutrients in roadway materials is a combination of many factors on the
farm. Fenton et al. (2022) lists each of these contributing sources, which
are dominated by fresh animal faeces and urine but also may include soil
nutrients incorporated into surface materials from trafficking and animal
hoofs originating from adjacent fields. The higher P concentration in
these locations can be strongly linked with the impairedmovement of the
cows thus, giving them an opportunity to excrete a lot while standing
(Fenton et al., 2021). Farm roadways which were rarely used by animals
showed low P concentrations. This is confirmed by results observed from
the twoBeef Farms used in this study. ThemeanP concentrations of both
Beef Farmswas relatively lower than in theDairy Farm. This is associated
with the less usage of these farm roadways in beef enterprises thus, less
excreta deposition.

The results demonstrated that, themeanP concentrationswere low
within the farm roadway material collected in December and January in
all three farms. In Ireland, during these months it is the winter period

FIGURE 7
Comparison between mean P concentrations from sampling locations in the farm roadways and mean P concentration from soils of fields adjacent
each sampling location in the (A) Dairy Farm, (B) Beef Farm 1 and (C) Beef Farm 2.

FIGURE 8
Relationship between mean monthly P concentrations and
rainfall recorded at the Dairy Farm during the sampling period.
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whereby cows are housed (approximately 132 days per year) (Crossley
et al., 2022), farm roadways are minimally used and P deposits from
animal excreta are significantly reduced from the roadways. In addition,
during the autumn-winter months high and frequent rains are received
which increases the chances of mobilising the P concentrations through
runoff. On the other hand, the P on the roadways showed an increase in
March and May in three farms because this is the period cows start
pasture grazing and rainfall amounts typically reduce.We assume that the
combination of less rains and frequent use of roadways during the open
period, results to the accumulation of P within farm roadways, especially
in dairy farming where roadways are used intensively.

4.2 Connectivity of available P source with
waters on the farms

Negative impact occurs when roadway runoff enters waters
(McDowell et al., 2020b; Scott et al., 2024) as stated in the
regulations and emphasized by Fenton et al. (2022) that farm
roadways are part of the nutrient transfer continuum. If runoff has
high nutrient concentrations, this may lead to degradation of drinking
water quality (Buchanan et al., 2013) and aquatic ecosystems (Dodds
and Smith, 2016; Sharpley, 2016). A critical source area is created where
the source (in this case available P in roadway materials) becomes
mobilised during a rainfall event and this enters waters as soiled runoff
(Thomas et al., 2016). Therefore, for a sampling location to pose a threat
to water quality, there must be a connection to waters at that point and
the potential to generate runoff that can transport pollutants (Mellander
et al., 2012; Monaghan et al., 2021; Rice et al., 2022).

In this study, critical roadway sections were visually identified
using the criteria described by Fenton et al. (2022), where the source,
mobilisation potential and delivery to waters are assessed. In their
study, Fenton et al. (2022) found four locations (L1, L2, L10, and
L16) in the same Dairy Farm to be critical source areas (source,
pathway, receptor all present). However, since that study, some
mitigation measures have been implemented on two of the critical
source areas. The mitigation measures implemented involved the
construction of angled diversion bars at equal intervals (approx.
25 m apart and 15 cm high) on the roadway, diverting runoff to the
adjacent fields at L10, L11 and L12, and changing the camber of the
roadway away from waters (open drainage ditch) into the field
(considered a buffer) at L16 (Figure 9). Therefore, in the Dairy Farm,
both L1 and L2 (both underpasses) remain CSAs as they are
connected to waters through groundwater (L1) and underground
piping to a stream (L2). Moreover, mobilisation of soiled runoff
during rainfall in the open period is very high due to steep gradient
of the underpass entrance and exits. This needs attention through
diversion bars to buffer areas (fields) and regular maintenance of
underpass tanks and removal of surface ditch connectivity during
overflow conditions (McDowell et al., 2007; Adams et al., 2018).

On Beef Farm 1, only sampling location L4 is considered a
critical source area as it visually shows mobilisation of runoff from
the side of the roadway connecting to an open drainage ditch.
Previous critical source areas included L11 and L12 which combined
and delivered runoff from the roadway to an open drainage ditch
that connects to the broader drainage system of the farm. This has
been mitigated by constructing diversion bars (Figure 9). On Beef
Farm 2, two CSA were visually identified. L5 and L6 combine to

FIGURE 9
Existing and previous critical source areas with examples of mitigation measures implemented to divert the runoff pathway on the dairy and
beef farms.

Frontiers in Environmental Science frontiersin.org13

Sifundza et al. 10.3389/fenvs.2024.1405378

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1405378


create a critical source area which delivers P directly into a river.
Mobilisation is high at L5 due to the gradient sloping towards L6
(which is directly at a river bridge crossing). Additionally, in Beef
Farm 2, L11, L12 and L13 combine to create a critical source area
delivering P to the river. L12 is at a river bridge crossing whereas,
L11 and L13 are on each side of the bridge sloping towards L12.
These critical source areas require mitigation to disconnect the
soiled roadway runoff from entering waters. However, not only
high P areas requires management, but all areas connected to water
needs to be managed as they can potentially be high P stores in
the future.

It should be noted that available P associated with roadway
materials is high across all farms during the closed and open periods.
The concentrations found in the present study should be considered
elevated and high and therefore, at any location where
concentrations are high changes to the roadway infrastructure to
streamline animal traffic should be considered. Where any roadway
runoff connection to waters occurs, concentrations found in the
surface materials themselves, which are distinct from fresh deposits
should be considered high and therefore, the pathway needs to be
broken through introduction of a mitigation measure. For example,
altering the flow paths using bunds and diversion bars to natural
buffer zones (Adams et al., 2018) as well as alleviating soil water
repellency to reduce loss of P in surface runoff (McDowell et al.,
2020a). Primarily, mitigation should be targeted at key locations
where critical source areas are found and maintained or updated
with both the open and closed periods in mind.

5 Conclusion

This study assessed the available P concentrations on internal
farm roadways of a Dairy Farm and two Beef Farms. The spatial
pattern of available P concentrations showed that roadway networks
store large sources of P, which if connected to waters could have
poor outcomes for water quality. Spatial differences within each
farm showed that concentrations were higher within 100 m of the
farmyard and where livestock movement is impeded at junctions
and underpasses. The temporal signature of available P showed
rising trends in the open period and falling trends in the closed
period, when livestock are housed and do not use the roadways. The
concentration of mean available P in roadway materials was highest
in the Dairy Farm, and lower but comparable with each other for
both Beef Farms roadway concentrations. This is because roadways
in dairy farms are used much more intensively than in beef farms
when livestock move from paddocks to farmyard for milking. A
visual CSA approach was employed to determine farm roadway
sections that were connected to waters, and required mitigation
measures. Critical source areas on two of the farms, where the
roadway material source of P is high, should be earmarked for
implementation of mitigation measures to minimise the P source
from livestock and break the connectivity between soiled roadway
runoff and waters.
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