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ARTICLE INFO ABSTRACT

Keywords: Unrestricted cattle access to the riparian zone can exacerbate riverbank erosion in grazed grassland catchments.
Cattle access point Knowledge gaps include the magnitude of erosion and other environmental pressures at cattle access points. This
Photogrammetry

study aimed to address this by using two high resolution geo-spatial methods; 1) aerial photogrammetry and 2)
terrestrial laser scanning to measure cumulative, seasonal, and annual erosion rates at nine unmitigated cattle
access points in Northern Ireland. Total, fine sediment and total phosphorus exports were determined through
bulk density and deep soil core sampling campaigns of exposed bank faces. Accumulated erosion was estimated
using method 1) at 1.0 — 49.5 t and 0.51 — 16.64 kg for total sediment and total phosphorus, respectively. Using
method 2) median annual export coefficients of 0.19 — 0.21 t m~! and 0.065 — 0.087 kg m! (normalised to
streambank length) were determined for total sediment and total phosphorus transfers respectively and these
mostly occurred during the grazing season (median 84% for both sediment and total phosphorus). In terms of
livestock pressures, these annual exports equate to 0.34 — 0.40 t LU yr ' and 0.103 - 0.111 kg LU yr™? for total
sediment and total phosphorus, respectively (1.19-1.89 LU ha™!). The conventional measure of protective
fencing is likely to prevent such transfers to rivers. Scaling a nationwide agri-environment scheme over six years
which installed 2,493 km of riparian fencing (and assuming from this study that 1.9 % of all riparian field
boundaries had cattle access impact), this measure potentially saved 9,047-9,999 t yr—* and 3,095 — 4,143 kg
yr~! of total sediment and total phosphorus, respectively, from entering water courses.

Terrestrial laser scanning
Total phosphorus
Sediment

Erosion

1. Introduction

Sediment inputs to freshwater systems are a significant environ-
mental pressure in agricultural catchments (O’Sullivan et al., 2019) and
can impact the whole aquatic ecosystem (Noe et al., 2020). Increased
sedimentation from agricultural sources can occur due to a variety of
processes including soil surface erosion from land when crop cover is
removed and direct streambank erosion (Sherriff et al., 2015). Intensi-
fication of agricultural land use over several decades has exacerbated
the issue (Van Zanten et al., 2014). While natural processes such as
heavy rainfall and fluvial dynamics often drive this erosion, agricultural
activities such as unsuitable, ill-timed tillage practices and unrestricted
livestock access to river and lake banks can amplify their impacts
(Holland, 2004; O’Callaghan et al., 2019).

Bank erosion has been identified as the main contributor of fine

sediment (soil particles < 2 mm in diameter, including sand, silt, and
clay) to surface waters globally (Collins et al., 2010; Zaimes et al., 2021).
For example, a review by Fox et al. (2016) attributes up to 92% of in-
stream suspended sediment loads in the United States to bank sources.
Kronvang et al. (2013) also found bank erosion to be the primary source
of in-stream sediment (90-94%) in the Odense catchment, Denmark
during a three-year study. Excessive fine sediment inputs can have wide
ranging ecological consequences including reduced primary production
due to insufficient light penetration in turbid waters (Izagirre et al.,
2009) and siltation of gravel beds with negative impacts on the provi-
sion of habitats for macroinvertebrates and spawning grounds for fish
(Evans et al., 2006).

Bank erosion can also contribute nutrient inputs to surface waters.
Particulate nutrients, primarily phosphorus (P) can be bound to sedi-
ment and follow its transfer dynamics (Dorioz et al., 2006). River and

Abbreviations: AES, Agri-environmental scheme; BD, Bulk density; DEM, Digital elevation model; DSM, Digital surface model; LU, Livestock unit; P, Phosphorus;
SCP, Sustainable Catchments Pilot; SRP, Soluble reactive phosphorus; TLS, Terrestrial laser scanning; TP, Total phosphorus.
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Fig. 1. Two study catchments in Northern Ireland and the locations of nine cattle access points surveyed by photogrammetry and TLS techniques (detailed reach

locations are in Supplementary Material Fig. S1).

lake banks can represent a major P source, particularly in riparian
margins where P can accumulate (Roberts et al., 2012). For example, in
the Chesapeake Bay, USA, 73% of total phosphorus (TP) loads were
bound to sediment particles (Noe et al., 2020). After entering the water,
tracking the fate of this TP becomes very challenging due to its complex
chemical and physical interactions with sediments and other particles.
Depending on ambient conditions, sediment bound P may become de-
tached and suspended within the water column until it settles within the
bed sediment or is desorbed into soluble reactive phosphorus (SRP). This
can have further ecological impacts as SRP is instantly bioavailable for
uptake by autotrophs supporting their excessive growth which indicates
eutrophication (Roberts et al., 2012).

In grazed grassland catchments, unrestricted cattle access to water-
courses (for drinking water) can exacerbate natural bank erosion
(Hughes, 2016; O’Callaghan et al., 2019; Rice et al., 2021). Cattle access
points can be described as mobile point sources of sediment and nutri-
ents (Rice et al., 2021), as these can be active or recovering at any one
time. Areas along field boundaries where livestock gather can also result
in soil compaction, creating new diffuse runoff pathways during rainfall
events (Georgakakos et al., 2018; Pulley et al., 2021). Impacts of natural

erosion processes are magnified as livestock trampling disturbs sediment
by increasing hydraulic roughness and shear stress on banks due to
greater morphological complexity (Trimble and Mendel, 1995). This,
along with removal of riparian vegetation, creates discrete patches of
bare earth which can be more susceptible to erosion during times of high
streamflow (Evans et al., 2006). There is consensus within the literature
that cattle access has a substantial effect on in stream sedimentation
(O’Callaghan et al., 2019). Research at catchment scale in the USA (Line
et al., 2016), Australia (McKergow et al., 2003), and New Zealand
(Holmes et al., 2016) supports this. At river reach scale, Vidon et al.
(2008) determined an 11-fold increase in total suspended sediment and
a 13-fold increase in turbidity following a 12-month water sampling
programme upstream and downstream from 130 m of riverbank
impacted by cattle access in Indiana, USA. O’Sullivan et al. (2019)
investigated the impact of cattle access in headwater streams in Ireland.
While they found that there can be a substantial effect on in-stream
deposited sediment with localised impacts, they also demonstrated cu-
mulative downstream impacts of multiple upstream cattle access points.
In Northern Ireland, Rice et al. (2021) determined that, during the
grazing season, cattle are the primary driver of erosion where they have
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Table 1
Summary of characteristics for the Blackwater River and Upper Bann sites.
Site number Catchment Bank length River reach Slope Bank height Soil type Field size
(m) (m) ©) (m) (ha)
1 Blackwater 28.3 229 35 1.5 Organic alluvium 5.68
2 Blackwater 26.3 229 75 1.3 Organic alluvium 5.68
3 Blackwater 14.2 229 40 1.4 Organic alluvium 5.68
4 Blackwater 6.8 482 35 1.7 Alluvium 18.20
5 Blackwater 19.4 229 20 0.9 Organic alluvium 5.68
6 Blackwater 21.5 229 20 0.8 Organic alluvium 5.68
7 Upper Bann 10.5 219 35 0.9 Ground water gley on alluvium 3.20
8 Upper Bann 3.8 166 60 1.0 Brown earth on sandstone till 1.30
9 Upper Bann 7.8 175 55 1.1 Brown earth on sandstone till 2.80
10 Upper Bann 7.5 85 60 1.5 Groundwater gley on alluvium 1.39
11 Upper Bann 2.0 114 45 4.0 Brown earth on sandstone till 0.95
12 Upper Bann 1.0 154 40 1.2 Brown earth on sandstone till 0.76

unrestricted access to bank faces. However, there have still been few
investigations with comparisons of seasonal erosion rates of banks
impacted by livestock or direct quantification of sediment and nutrient
inputs from discrete access points.

In riparian areas where cattle access the watercourse total P can also
accumulate and is then readily mobilised due to the disturbed nature of
the bank face (O’Callaghan et al., 2019). Despite this, there is uncer-
tainty regarding the water quality impact of cattle access in terms of
nutrient contributions. Studies have measured changes in in-stream
nutrient concentrations following the implementation of livestock
exclusion fencing, with mixed results. McKergow et al. (2003) found
only marginal improvements following livestock exclusion while others
found significant TP and nitrogen (N) reductions (Line et al., 2016;
Georgakakos et al., 2018). Few studies, however, have estimated the
direct nutrient contribution from erosion at these sites.

Accurate measurements of bank stability at cattle access points are
important to gain an understanding of sediment and nutrient dynamics
in areas directly impacted by cattle. Traditionally, invasive methods
such as erosion pins have been used to measure bank change in fluvial
systems (Tufekcioglu et al., 2012; Kronvang et al., 2013). However, this
method is largely unsuitable to quantify erosion at cattle access points
due to coarse data resolution and bank disturbance caused by the pins
(Myers et al., 2019). Aerial photogrammetry and LiDAR surveys (Thoma
et al., 2005; Miller et al., 2010; Gkiatas et al., 2022; Hayes et al., 2023),
and terrestrial laser scanning surveys (TLSs—Longoni et al., 2016; Rice
et al. 2021) can create high resolution digital elevation models (DEMs)
to accurately estimate bank retreat. However, DEM resolution between
river reach and catchment scale needs to be considered.

Quantifying bank erosion from cattle access points is an important
issue to address as exclusion fencing is a popular measure within agri-
environmental schemes (AES) with water quality objectives (Kilgarriff
et al., 2020). For example, according to the European Court of Auditors
(2011), payments for AES measures should target areas where the
greatest environmental benefits can be achieved (Madden et al., 2019).
The EU and affiliated states are an important example as regulators are
moving towards payments for environmental works and other results-
based schemes. Few studies have considered the environmental bene-
fits of fencing off cattle access points on a nationwide scale and novel
geo-spatial methods provide a unique opportunity to achieve this.
Therefore, the aim of this research was to quantify nutrient and sedi-
ment erosion at unfenced cattle access points and provide an evidence
base for justifying future AES.

The objectives were to:

e Determine cumulative erosion from access points and quantify his-
torical transfers of fine sediment and TP using an aerial photo-
grammetry survey.

o Estimate export coefficients for sediment and TP loss per unit length
of streambank with repeated terrestrial laser scanning surveys.

e Upscale the results to provide an assessment of a national agri-
environmental scheme.

2. Materials and methods
2.1. Study area and site selection

Six sites were selected in the Blackwater River and three in a sub-
catchment of the Upper Bann in Northern Ireland (Fig. 1). Both catch-
ments are characterised by intensive grassland agriculture in drumlin
landscapes. The Blackwater River is a large cross border catchment
between Co. Tyrone and Co. Monaghan and covers an area of 1,480 km?
(Campbell et al., 2015). The river is 85 km in length and drains the
largest catchment area of all of Lough Neagh'’s (surface area 382 km?) six
in flowing rivers (Campbell et al., 2015). Selected sites were in close
proximity to each other within the Derrymeen sub-catchment at
approximately 50 m above Ordinance Datum. Livestock agriculture is
the primary land use, 75.9% grassland and 1.2% arable. Long term
annual rainfall is 1,000-1200 mm in the lowlands and 1,200—1,600
mm in the uplands, and at the closest downstream river gauging station
(183 krnz) long term annual runoff is 846 mm (National River Flow
Archive, 2023). Underlying geology consists of Carboniferous sand-
stones, mudstones, limestones and shale (Campbell et al., 2015), and
overlying soil types are primarily comprised of Stagnosols and Cambi-
sols (World Reference Base—UKSO, 2023).

The Upper Bann catchment has an area of 305 km? (National River
Flow Archive, 2023) and flows north into Lough Neagh. Stagnosols
dominate the landscape with areas of Cambisols and Podzols (World
Reference Base—UKSO, 2023). Bedrock is classified as Silurian grey-
wacke, sandstones and shales alongside impermeable granites (Cassidy
etal., 2019; Rice et al., 2021; National River Flow Archive, 2023). Land
use is 95% permanent grassland pasture and 3% arable (Rice et al.,
2021). Annual rainfall ranges between 600 and 800 mm in the lowlands
and 800-1,200 mm in the uplands, and at the closest downstream river
gauging station (305 km?) long term annual runoff is 595 mm (National
River Flow Archive, 2023).

Suitable sites were identified along stream banks with signs of recent
sediment disturbance and where cattle had unrestricted access to the
channel without an obvious alternative drinking water source. Five
Blackwater River sites were located along a single reach of 180 m (sites
1-3, 5-6) and a sixth site was located on a second tributary 3.98 km
south-west (site 4).

Using more specific soil type descriptors (1:50,000 General Soil Map
of NI—AFBI, 2009) sites 1-3, 5-6 were comprised of organic alluvium
while site 4 soils were alluvium. Three sites were also selected in the
Upper Bann sub-catchment (Sites 7-9). These were all located along the
same tributary. Soils at site 7 comprised of groundwater gley on allu-
vium, site 8 and 9 comprised of brown earth on a sandstone till. Sites
were selected based on management regime, accessibility, and suit-
ability for both aerial photogrammetry and terrestrial laser scanning
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Fig. 2. Workflow chart of cumulative erosion volume calculations using ArcGIS ArcMap 10.8 software. LAS point cloud refers to the file format for points with

elevation data obtained through photogrammetry.

surveys. Overhanging vegetation and deep, fast flowing streams would
not facilitate these as vegetation would obscure views of the exposed
sediment and equipment could not be placed into the stream bed to
capture a complete image of the erosion scar (Heritage and Hether-
ington, 2007).

Cattle were present at each site for the duration of the grazing sea-
son; all cattle were from either continental bull beef or suckler enter-
prises. Herd sizes (in livestock units (LU)) were 1.89 LU ha~! and 1.19
LU ha™! for sites 1-3, 5-6 and 4 respectively. Herd size at site 7 was 1.67
LU ha~! while herd sizes at sites 8 and 9 were 1.52 LU ha™! and 1.67 LU
ha™! respectively. As is typical of UK and Irish livestock enterprises
(Pulley et al., 2021), cattle are housed indoors during the winter months
and banks are only disturbed by rainfall and stream hydraulic processes
during this time. Site descriptions are presented in Table 1. There was no
evidence of concentrated water runoff areas in the vicinity of the sites
and erosion seemed to be reflective of cattle behaviour with some evi-
dence of previous preferred accesses showing signs of recovery.

Orthoimagery of surveyed sites is available in supplementary mate-
rial (Fig. S1). For context, available data were used from three other sites
(Sites 10-12), surveyed using TLS in a previous study in a second sub-
catchment of the Upper Bann, and detailed site descriptions can be
found in Rice et al. (2021).

2.2. Cumulative erosion volumes

For context, a single aerial photogrammetry survey was used to es-
timate cumulative erosion, i.e., the total volume of sediment lost from
impacted sites when compared to natural or unimpacted adjacent banks.
Blackwater River sites (1-3, 5-6) were captured in April 2021 using a
fixed-wing drone (eBee X, AgEagle, USA), flown at 91 m altitude. Con-
ditions were ideal for the survey with windspeeds of < 4 m s} and
orthoimages and DEMs produced (PIX4Dmapper, PIX4D, Switzerland)
had a resolution of approximately 2.7 cm. At site 4, a quadcopter drone
(Mini 2, DJI, China) was used in November 2021 and at Upper Bann sites
(7-9) in March 2022. These sites were adjacent to large trees and
required a lower altitude survey, so this drone was flown at 15 m alti-
tude and produced DEMs with a finer resolution of < 1 cm.

Cumulative erosion was estimated using GIS software (ArcMap 10.8,
ArcGIS, USA) and the workflow stages are shown in Fig. 2. From the
orthoimagery (Fig. 2a), polygons of the eroded areas were digitised, and
these were removed from a larger study area polygon. Bank height
points were created following the curve of the natural bank profile and
were given elevation data by taking an average of bank heights from
upstream and downstream using the 3D LAS-formatted point cloud
along adjacent unimpacted river sections. The point cloud (Fig. 2b) was
then clipped to the study area polygon to remove elevation data from
inside the erosion scar and manually created bank heights were merged
to the clipped point cloud. From this a digital surface model (DSM) was
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Fig. 3. Workflow chart of seasonal and annual erosion volume calculations from TLS surveys using Faro Scene, CloudCompare and 3D Reshaper software.

created using the linear interpolation method (Schwendel et al., 2012)
to recreate an assumed natural surface prior to erosion. Both this and the
original DSM (Fig. 2c) with post erosion elevation data were clipped to
the erosion polygon extent and the volumetric difference was calculated
using the Cut Fill tool in ArcGIS Spatial Analyst toolbox. Net loss
(erosion) and net gain (accretion) volumes (m®) were determined using
the Cut Fill attribute table, providing the cumulative loss over an un-
known period.

2.3. Seasonal and annual erosion rates

To determine seasonal and annual erosion rates, TLS surveys were
undertaken on 5th May 2021, and repeated on 18th November 2021 and
8th March 2022 at the Blackwater River sites. Upper Bann sites were
surveyed on 22nd March 2022, 1st December 2022 and 28th February
2023. The May to November study period covers the time sites were
likely to be impacted by cattle access to the stream, i.e., the grazing
season. November to March allows for the erosional impact of high river
flows in the winter period to be quantified and compared. In total, three
topographic surveys were completed for each site.

During each survey occasion, a single return TLS (Focus® X330,
FARO, USA) was used to collect the topographic data (following Rice
et al. (2021)). Depending on the size and complexity of the erosion scar,
between four and six posts were fixed adjacent to each site at various
heights to attach ground control reference spheres (Supplementary
Material Fig. S3). This ensured ground control points were not impacted
or moved by cattle interference and that multiple scans could be stitched
together accurately. This enabled an accurate quantification of volu-
metric change between subsequent scans.

To create point clouds of each survey, individual scans were pre-
processed, filtered, and registered (stitched together) using specialised
software (SCENE 6.2.3.9, FARO, USA). Point clouds for each survey

occasion were then manually cleaned to remove vegetation and any-
thing obscuring bare sediment which would impact erosion volume
calculations (Rice et al., 2021). Once cleaned, surface normals were
calculated and corrected before 3D meshes were created. Cleaning, and
mesh creation were completed using open-source software (Cloud-
Compare V2.10, https://www.cloudcompare.org). The total erosion
volumes (m®) were then calculated by determining the difference be-
tween each mesh (3DReshaper, Leica Geosystems, Switzerland) (Rice
et al., 2021) (Fig. 3). Erosion volumes were validated by using the point
clouds to create DEMs and calculating Cut Fill models in ArcMap 10.8.

Riverbank erosion can be magnified by high runoff rates and flashy
river discharge dynamics. To account for this influence on seasonal and
annual erosion, daily discharge rates (mm day™!) and flow duration
curves (showing percentage flow exceedance) for the study year and
previous four years were compared for each catchment. Data was ob-
tained from the nearest downstream monitoring station for Blackwater
sites (Derrymeen, station number 203022—NRFA, 2023) and Upper
Bann sites (Moyallen, station number 203097—NRFA, 2023).

2.4. Streambank sediment and phosphorus characteristics

The proportion of sediment and TP available for export was
seasonally and cumulatively quantified following three soil sampling
campaigns. The first campaign determined the total sediment and pro-
portion in the < 2 mm fraction. Four bulk density (BD) samples were
collected from the top and bottom 50 cm of each exposed bank face
using aluminium BD rings with a volume of 222 cm®. These samples
were dried at 105 °C for 24 h, weighed (for BD) and then disaggregated
to pass through a 2 mm sieve for the proportion of fine sediment (Pulley
et al., 2021). A comparative analysis was conducted using published BD
values for each soil series according to the 1:50,000 General Soil Map of
Northern Ireland (AFBI, 2009).
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Table 2
Records of measured bulk density (BD), % fine sediment and TP in surface (T) and subsurface soils (B). Sites 1L and 1R (see Table 3) have been averaged as site 1 for this
comparison.

Blackwater sites 1T 1B 2T 2B 3T 3B 4T 4B 5T 5B 6T 6B

Measured BD, (kg mfs) 915 1064 1015 1013 983 986 1095 1237 838 1010 918 1285

Fine sediment, (%) 100 98 100 95 99 98 100 100 98 97 99 98

TP, (g kg D) 0.45 0.22 0.39 0.16 0.41 0.19 0.32 0.17 0.48 0.22 0.31 0.18

Upper Bann sites 7T 7B 8T 8B 9T 9B

Measured BD, (kg m3) 1094 1010 790 890 1080 1000

Fine sediment, (%) 100 100 100 100 98 98

TP, (g kg’l) 0.79 0.63 0.56 0.47 0.72 0.71

The second soil sampling campaign determined soil TP content. Four bl
Table 3

1 m deep soil cores were collected adjacent to each site and composited
into top 50 cm and bottom 50 cm samples. These were then air-dried and
ground to pass through a 2 mm sieve. A subsample from each site was
then ball milled to pass through a 150 um sieve. This sample was then
analysed following the sequential acid digest method (Bock, 1979). Soils
were dried at 105 °C for 1 h and a 0.5000 g sub-sample was digested in
hydrofluoric acid to remove silicates. Perchloric and nitric acid digests
then removed organics, and dilute hydrochloric acid removed the
remaining residue into solution with ultra-pure water. This process
rendered any P within the sample soluble which was then analysed with
spectrophotometry using the Murphy and Riley (1962) molybdate
antimony method. Phosphorus concentrations were recorded as mass
per unit mass of soil (g kg~!). Subsequent data analysis assumed that
each undisturbed soil profile adjacent to an erosion scar had similar TP
characteristics to material that had been eroded already.

Combining cumulative and seasonal erosion volumes (m®) with BD
(kg m3) gave an estimate of eroded sediment (t) and TP (kg) which
were also normalised by streambank length (m) of eroded areas
(Tufekcioglu et al., 2012).

The third soil sampling campaign determined the agronomic soil test
P status of the fields adjacent to the streambanks. In-field samples were
collected on either side of the stream at the Blackwater sites (1-3, 5-6).
Samples were collected to 7.5 cm depth following the standard W
sampling method (40 sub-samples) and composited. Organic nutrients
had already been applied at site 4 and so sampling this site in this
manner would not have yielded meaningful results. These in-field
samples were also analysed for Olsen plant-available P (Olsen et al.,
1954) and collated to an index system for context. For sites 7-9 in the
Upper Bann, Olsen P data were already available.

2.5. Data analysis and national scaling

Export coefficient ranges of sediment and TP transfers at cattle access
points were estimated based on the range of data obtained at sites 1-9
and the two BD estimates (measured at each site and published ac-
cording to soil type). Values for sites (10-12) surveyed in Rice et al.
(2021) were included in these analyses for grazing season values of total
and fine sediment. This enabled a first scaling of estimated losses that
were potentially saved in an AES of fields that had previously been
fenced to avoid further erosion by cattle access. For example, under a
recent Northern Ireland Environmental Farming Scheme (EFS), 13,052
fields had boundaries adjacent to water courses and were fenced to
prevent cattle access (DAERA, 2023). The mean length of these fenced
boundaries was 191 m. In the current study, using all 12 study sites,
approximately 1.9% of such boundaries had cattle access impact.
Assuming a similar percentage for all unfenced riparian fields, this scales
to an approximate accumulated 48 km of cattle access impact over
13,052 fields. The export coefficient ranges were then applied to this
total length to determine how much sediment and TP were prevented
from entering water courses.

However, it is rare to find any cost-benefit or cost avoidance data
associated with mitigation measures in farmed landscapes. Here, an
exploratory analysis was undertaken on the direct consequences of

Summary of streambank soil characteristics. Soil series specific BDs are included
for comparative purposes. Site 1 is split into right and left bank (1R and 1L)
respectively as the site was split for TLS analysis.

Site Bulk density Bulk density Fine TP
(Measured) (Soil series) sediment concentration
(kg m~3) (kg m~%) (%) (g kg™ soil

1R 1055 1150 98 0.26
1L 924 1150 100 0.42
2 1014 1150 97 0.27
3 984 1150 99 0.30
4 1170 1360 100 0.25
5 924 1150 97 0.35
6 1102 1150 99 0.24
7 1053 1120 100 0.71
8 842 1120 100 0.52
9 1040 1120 98 0.71
10 - 993 38 -
11 - 1350 27 -
12 - 1350 41 -

preventing sediment and TP from entering rivers and the method is
appended in Supplementary Material.

3. Results
3.1. Streambank fine sediment and phosphorus (bank and field)

Individual records of measured BD, percentage fine sediment and TP
concentrations in surface (top 50 cm of exposed stream bank) and sub-
surface soils (bottom 50 cm of exposed stream bank) are shown in
Table 2. Subsurface soil TP was on average 34% less than surface soil TP;
the exception was site 9 where TP concentration was uniform through
the soil profile (Table 2).

Data from Table 2 were collated into full bank profiles (0-1 m depth)
and are presented in Table 3 and bulk density (measured and published
data) was used as the metric for bank erodibility. Through this analysis
all soils were found to comprise almost entirely of fine sediment.
Available bank characteristics of sites surveyed in Rice et al. (2021) are

Table 4

Cumulative erosion volumes expressed in m? mass total sediment (not limited to
the fine sediment fraction) and TP exports expressed in t and kg respectively,
also normalised by streambank length (t m™ and kg m™1).

Site  Erosion  Erosion Total Total TP TP
(m3) (m3m sediment sediment (kg) (kg

P ® (tm™) m~")

1 50.0 1.76 49.50 1.75 16.64 0.59
2 14.0 0.53 14.00 0.53 3.80 0.15
3 4.3 0.30 4.20 0.30 1.27 0.09
4 12.5 1.85 14.60 2.16 3.59 0.53
5 10.2 0.52 9.40 0.48 3.25 0.17
6 15.8 0.73 17.40 0.81 4.19 0.19
7 1.9 0.18 2.00 0.19 1.43 0.14
8 1.2 0.32 1.00 0.26 0.51 0.13
9 3.1 0.40 3.20 0.42 2.32 0.30
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Fig. 4. Example of orthoimagery of a cattle access erosion scar obtained through the aerial photogrammetry survey of site 1L and 1R in the Blackwater catchment

(images of all studied sites are in Supplementary Material Fig. S2).

also included in Table 3 and had considerably lower fine sediment
percentage contents than sites surveyed in the current study. Sequential
acid digests found bank soils to contain high concentrations of TP,
ranging between 0.2 and 0.7 g kg~! soil (Table 3), similar to those re-
ported in Granger et al. (2021).

Olsen P concentrations in the fields adjacent to the stream banks
were collated to agronomic indices. Sites 1-3 and 5-6 were found to be
index 2+ (optimum for intensive grassland). Sites 8 and 9 were index 2-
(optimum for low intensity grassland), and site 7 was index 3 (above
optimum for grassland).

3.2. Cumulative erosion

Hindcasted erosion volumes varied, ranging between 1.2 — 50 m°>.

Cumulative total sediment and TP losses ranged from 1.0 to 49.5 t and
0.51 — 16.64 kg, respectively (Table 4). This large range can be attrib-
uted to the variation in the length and 2D area of each erosion scar; site 1
was a large area and accounted for both sides of the bank at the impacted
stream section (i.e., 1R and 1L in Table 3 and Fig. 4). Exports of total
sediment mass and TP were also considerable when normalised by bank
length (0.191 — 2.16 t m™!) and (0.134 — 0.587 kg m™!) respectively
(Table 4).

3.3. Seasonal and annual erosion rates

To determine seasonal and annual erosion rates using TLS, it was
important that mean distance errors remained low during processing,
and these were found to be 3.1 mm on average and all < 6 mm
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Table 5

Annual and seasonal erosion rates (m® m™*), mass total and fine sediment (t m™*)
and mass TP (kg m™!) exports from sites surveyed using TLS normalised by
streambank length, using measured and published BDs. Site 1 was separated into
1R and 1L for this analysis.

Site and season  Erosion Total sediment  Finesediment TP

@’m’)  (tm™") (tm™) (kg m™)
1R
Grazing 0.32 0.34-0.37 0.33-0.36 0.086-0.094
Winter 0.05 0.05-0.05 0.05-0.05 0.012-0.013
Annual 0.36 0.38-0.42 0.38-0.41 0.098-0.107
1L
Grazing 0.41 0.38-0.47 0.38-0.47 0.159-0.198
Winter 0.08 0.08-0.09 0.08-0.09 0.031-0.039
Annual 0.49 0.46-0.57 0.46-0.57 0.190-0.237
2
Grazing 0.10 0.10-0.11 0.09-0.11 0.026-0.030
Winter 0.04 0.04-0.04 0.04-0.04 0.010-0.011
Annual 0.13 0.13-0.15 0.13-0.15 0.036-0.041
3
Grazing 0.12 0.12-0.14 0.12-0.14 0.037-0.043
Winter 0.05 0.05-0.06 0.05-0.06 0.015-0.017
Annual 0.17 0.17-0.20 0.17-0.20 0.052-0.060
4
Grazing 0.06 0.07-0.08 0.07-0.08 0.017-0.020
Winter 0.10 0.12-0.14 0.12-0.14 0.029-0.033
Annual 0.16 0.19-0.22 0.19-0.22 0.046-0.054
7
Grazing 0.09 0.09-0.10 0.09-0.10 0.067-0.071
8
Grazing 0.14 0.12-0.15 0.12-0.15 0.060-0.080
Winter 0.01 0.01-0.01 0.01-0.01 0.005-0.007
Annual 0.15 0.13-0.17 0.13-0.17 0.065-0.087
9
Grazing 0.16 0.17-0.18 0.17-0.18 0.122-0.132
Winter 0.03 0.03-0.03 0.03-0.03 0.019-0.020
Annual 0.19 0.20-0.21 0.19-0.21 0.141-0.152
10
Grazing 0.14 0.14 0.05 -
11
Grazing 0.27 0.36 0.10 -
12
Grazing 0.14 0.19 0.08 -

(Table S1), giving confidence that individual scans were stitched
together accurately.

For the sole analysis of areas of active erosion, sites were clipped
within the erosion scars; therefore, bank lengths differ from those used
in the cumulative erosion analysis and these differences are outlined in
Table S2. Erosion volumes were normalised by streambank length and
are presented in Table 5. These varied between sites with annual totals
ranging between 0.13 — 0.49 m® m™’. In general, elevated erosion rates
were observed following the grazing season compared to the winter
period (0.06 - 0.41 m®m™ and 0.01 - 0.1 m® m}, respectively). Only one
of the eight sites (site 4) had greater erosion during the winter than
during the grazing season (0.10 m® m™ and 0.06 m® m™}, respectively).
Fill volumes were attributed to sediment eroded upslope and deposited
downslope as per Rice et al. (2021) and therefore excluded from anal-
ysis. The mass of total and fine sediment, and TP exported during these
periods were also normalised by streambank length using two BD values
(measured and published—Table 3). As the bank soils predominantly
comprised of fine sediment (Table 3) fine sediment losses were consid-
erable, ranging between (0.07 — 0.47 t m ') during the grazing season.
Total P losses during the grazing season ranged between 0.017 and
0.198 kg m~ . Estimates of mass fine sediment loss at sites (10-12)
surveyed in Rice et al., (2021) using published bulk densities and re-
ported percentage fine sediment are also included in Table 5 and are
within range of sites surveyed in in the current study.

To account for the influence of variable hydrological conditions,
timeseries of river discharge levels for the study years and previous four
years are shown from the nearest downstream gauging stations (with
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reference to the grazing periods) in Fig. 5a and 5b. This analysis indi-
cated that runoff during the study periods was not exceptional, and the
conditions were either typical or less than typical for each catchment.
This is further demonstrated by flow duration curves with exceedance
percentiles in Fig. 6a—d. These data indicate that hydrological condi-
tions were not overly influential on seasonal or annual erosion rates
during the study year.

3.4. Cattle access point export coefficients and national scaling

The data in Table 5 enables annual export coefficients for total and
fine sediment, and TP to be estimated for cattle access points in general,
based on medians within a statistical range. For example, using the
measured and published BD values, export coefficients are 0.19 — 0.21 t
m ! yr! for sediment (both total and fine due up to 100% fine sediment
composition for sites 1-9) with an interquartile range (IQR) of 0.17 t
m~! yr~1. For TP the export coefficient is 0.065 — 0.087 kg m™* yr?
(IQR of 0.080 kg m ! yr™1). Similarly, using livestock and field area data
combined with annual exports of sediment and TP gave a median live-
stock population of 4.67 LU (section 2.1.) and export coefficients per
livestock unit of 0.34 — 0.40 t LU yr ' (IQR 1.09 t LU yr!) and 0.103
—0.111 kg LU yr™! (IQR 0.245 kg LU yr™1), respectively.

The conventional measure of protective fencing is likely to prevent
such transfers to rivers and this was undertaken in a nationwide AES
which installed 2,493 km of riparian fencing in 13,052 fields over six
years. In the current study, using all 12 sites, approximately 1.9% of
such field boundaries had cattle access. Assuming a similar percentage
for all unfenced riparian fields, this scales to an approximate accumu-
lated 48 km of cattle access impact and this fencing potentially saved
9,047-9,999 t yr’1 and 3,095 -4,143 kg yr’1 of total sediment and total
phosphorus, respectively, from entering water courses.

When placed into context of the most recent EFS (13,052 fields with
boundaries adjacent to streams), a first assessment of cost avoidance
using two direct metrics (Supplementary Material) was that for every £1
spent on fencing, approximately £0.56 would be avoided from sediment
and TP loss over 15 years (not accounting for inflation) but this excludes
all other ecosystem service benefits.

4. Discussion
4.1. Research findings context and limitations

Results from this study can be placed in context with previously
published literature, primarily in the US as there is a paucity of research
into streambank erosion as a result of cattle access in other temperate
regions. Tufekcioglu et al., (2012) quantified erosion along thirteen
grazed river reaches in Iowa—total soil and TP losses ranged between
0.06 and 0.61 tm ™!y and 0.02-0.183 kg m ! y ! respectively. Also, in
Iowa, Zaimes et al., (2008) observed soil and TP losses between 0.20 and
0.27 tm 'yl and 0.071 - 0.123 kg m ! y ! respectively, in continuously
grazed pastures. While both these studies used the erosion pin method to
measure bank retreat, the annual coefficient of total sediment and TP
loss observed in this study are within these ranges (median 0.19 - 0.21 t
m~ ! yr~! and 0.065 — 0.087 kg m~! yr™?, respectively).

However, Hayes et al. (2023) conducted a similar riverbank erosion
survey at sites 1-3, 5-6 in the Blackwater catchment (“Site 4, Riverbank
A and B” in Hayes et al., 2023) using LiDAR imagery for 2014-2020 with
a DEM resolution of 1000 mm (+150 mm). The average annual sediment
erosion rates reported over four years were at least four orders of
magnitude lower. It should be noted that their study used data of a
coarser resolution and only analysed a change in height (z coordinate)
which may not have accounted for lateral bank retreat or undercutting
below the exposed bank face, which this study was able to determine
with TLS (with a resolution of + 2 mm and an uncertainty between scans
of < 6 mm). It is likely therefore, that the Hayes et al. (2023) study
underpredicted erosion rates rather than the rates reported in the
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Fig. 5. Timeseries of river discharge in mm day ! for the study periods and previous four years in the two study catchments a) Blackwater (TLS survey dates were
05/05/21, 18/11/21, 08/03/22) and b) Upper Bann (22/03/22, 01/12/22, 28/02/23) at nearest downstream gauging stations. The grazing season for each year is
indicated by the grey areas with the studied grazing season a darker grey (and winter season in between).
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a. Blackwater [grazing season]
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b. Blackwater [winter]
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Fig. 6. Flow duration curves for the grazing and winter periods for the two studied catchments Blackwater (a—b, respectively) and the Upper Bann (c—d,
respectively), indicating unexceptional hydrological conditions between the study years and previous four years.

current study representing a year of exceptionally high erosion.
Nevertheless, the methods used here also have limitations, particu-
larly the ability of TLS to produce high density point clouds on vegetated
bank faces (Myers et al., 2019). The cost and time-consuming nature of
the analysis outlined in this study may also limit this method’s appli-
cability to larger datasets with multiple sites. While effort is made to
select sites with minimal vegetation, it is difficult to find sites which are
not impacted by vegetation in some way. Manual removal of pixels
attributed to vegetation and other obstructions (Longoni et al., 2016;
Rice et al., 2021) is a thorough method of obstruction removal but is
time intensive. Plugins are available to automatically remove vegeta-
tion, but these can result in data gaps, possibly underestimating bank
change (Myers et al.,, 2019). LiDAR drones are also becoming more
available which can capture data of a comparable resolution which can
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be analysed with greater ease using GIS software (Resop et al., 2019). A
further consideration is the inability of all digital surveying techniques
being restricted to areas above the water line (Longoni et al., 2016).
When measuring bank erosion, the spatial and temporal scales, research
aim, and available resources should therefore be considered. This might
also include controlling for livestock intensity, and longer hydromete-
orological cycles as well as the geomorphic factors listed in Table 1.

4.2. Policy implications

The scaled befits of fencing over a wide region to exclude cattle ac-
cess has provided the first quantification of sediment and TP prevented
from polluting water courses (9,047-9,999 t yr ! and 3,095 — 4,143 kg
yr~! of total sediment and total phosphorus, respectively). While high
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spatial accuracy was gained using photogrammetry for cumulative and
TLS for seasonal erosion rates at the 9 study sites, a degree of uncertainty
was introduced when scaling the results to a wider region. The per-
centage of cattle access points per adjacent (to river) field boundary
(1.91%) and the annual/seasonal export coefficients estimated for both
sediment and TP, even with inclusion of IQRs, need to be considered as
uncertain estimates when scaled up. Nevertheless, these rates and scaled
estimates can be used as a first assessment and can be improved when
further data become available.

While the low cost avoidance ratio estimate is similar to Schulte et al.
(2009) who concluded that fencing is an expensive solution for man-
aging water quality, the current study only investigated two metrics
(sediment and TP). Other ecosystem services provided by fencing would
also need to be taken into account which may increase the environ-
mental and economic value of excluding livestock from riparian zones,
and this is a research priority.

For example, as cattle are more likely to defecate within and adjacent
to surface waters (Davies-Colley et al., 2004) riverbank access points can
also be sources of faecal bacteria and pathogens, which may have
negative impacts on the health of both humans and livestock (Kilgarriff
et al., 2020). Therefore, there are likely to be biosecurity benefits to
riparian fencing, the economics of which are not considered in this
study. Furthermore, managing bovine tuberculosis (bTB) is a substantial
cost to the farming economies, (approximately £40 million per year)
with half of this cost paid as compensation for infected cattle (DAERA,
2021). The disease can be spread via “nose-to-nose” contact between
cattle (O’Hagan et al., 2016) or more rarely, between cattle and badgers
(Campbell et al., 2019). Natural drinking water sources are often shared
between livestock and wildlife, where streams are unfenced, facilitating
the environmental spread of bTB pathogens (Barasona et al., 2017).
Mass reductions of faecal deposits per day were used by Kilgarriff et al.
(2020) to quantify the cost benefits of implementation of a national agri-
environmental policy to fence all watercourses on derogated farms in
Ireland. The study compared cost benefits between farms with high and
low stocking densities, with fencing on high intensity farms being ~
20% more cost effective than low intensity farms.

There are other benefits which may be associated with riparian
fencing as livestock access can cause further water quality pressures due
to livestock behaviour and the amount of time they spend in and around
watercourses (Davies-Colley et al., 2004; Pulley et al., 2021). Indirect
effects of increased water temperatures and turbidity due to changes in
stream morphology, suspended sediment levels and riparian vegetation
structure can all have negative impacts on stream ecology in areas where
cattle have unmitigated access to the riparian zone (O’Callaghan et al.,
2019; O’Sullivan et al., 2019). Elevated turbidity has also been reported
to negatively impact water treatment costs (Price et al., 2017). Im-
provements in riparian vegetation have also been observed following
livestock exclusion (Miller et al., 2010). These factors all have the ca-
pacity to enable a self-sustaining fish population (trout/salmon) which
would also need to be economically accounted for.

To maximise cost-benefits, policy makers may choose to take a tar-
geted approach, such as headwater streams where multiple access points
can result in both localized and downstream water quality pressures
(O’Sullivan, 2019), or areas with greater stocking rates (Kilgariff et al.,
2020). Fencing is a popular measure within voluntary AES (Thomas
et al., 2019) for multiple reasons and therefore can act as an important
incentive for farmers to enter these schemes and possibly take on further
environmental measures, which may lead to other unintended benefits
(such as biosecurity).

5. Conclusions

To quantify sediment and TP contribution directly from erosion at
unmitigated cattle access points, high resolution aerial photogrammetry
facilitated the hindcasting of cumulative erosion volumes and repeated
TLS surveys determined seasonal and annual erosion rates and export
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coefficients. Cumulative total sediment and TP loss ranged between 0.19
and 2.16 t m~! and 0.134 — 0.587 kg m ! of streambank, respectively.
Median annual export coefficients were determined for sediment (0.19 —
0.21 tm™* yr’l) and TP (0.065 — 0.087 kg m! yr’l); these were also
determined per livestock unit (0.34 — 0.40 t LU yr~! for sediment 0.103
-0.111 kg LU yr! for TP). While these export coefficients are trans-
ferable using high resolution geo-spatial methods, more data will
improve their utility over wider areas.

Scaled to a national AES where 13,052 fields were fenced at their
riparian boundaries and excluding 2,493 km of watercourses from cattle
access prevented the transfer of 9,047-9,999 t yr—! and 3,095 — 4,143
kg yr ! of total sediment and total phosphorus, respectively to rivers. A
research priority will be the full economic costs and benefits analysis of
riparian fencing (more than the direct savings associated with sediment
and phosphorus) such as the analysis of other environmental and agri-
cultural goods and services. This information is important to policy
makers who may consider or have to justify riparian fencing in future,
targeted schemes to improve water quality in agricultural catchments.
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