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Abstract

Purpose: Modern agricultural practices have increased the losses of fine sediment and
associated pollutants to watercourses with associated off-site degradation of water quality and
aguatic biodiversity. Despite significant investment into agri-environment initiatives which aim to
reduce these losses, limited empirical mechanistic evidence exists for the efficacy of many on-
farm interventions. As the most likely mechanism of particle detachment in many landscapes,
understanding the controls for rainsplash erosion is key to generating this mechanistic

understanding.

Methods. Soil properties were compared to rainsplash erosion rates on a grassland and an
arable field in Southwest England. Soil cores were retrieved and measured for dry density,
aggregate stability, vegetation cover and loss on ignition. A rainsplash erosion trap consisting of a
plastic funnel containing filter paper was placed into the hole left by each core and the mass of

sediment trapped over a one month and two-week period was recorded.

Results: Soil compaction on the grassland field was limited to a very small proportion of the
total field area at its margins and close to water troughs and was not often associated with a
reduction in aggregate stability. Neither soil dry density nor aggregate stability were associated
with an increase in rainsplash erosion rate. On arable land, aggregate stability was significantly
lower than on the grassland and rainsplash erosion rates were higher. However, vegetation cover,

rather than aggregate stability, was the major controlling factor.

Conclusion: The hypothesis that livestock are not causing an increase in erosion by raindrop
impact on grassland fields but the same soils, when cultivated, experience asignificant increasein
erosion rate can be accepted based on the results generated. In lowland grassland landscapes with

recommended best grazing management practices currently implemented further reductions in
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sediment losses may therefore not be achievable. However, areduction in elevated soil loss from

arable fields can be achieved by ensuring vegetation cover is present during wet winter months.

Keywords: splash erosion, agriculture, mitigation, ruminants, cereals

1. Introduction

Soil degradation and its on-site and off-site impacts have been recognised as a global problem
(Lal and Moldenhauer 2008; Borrelli et al. 2017). The onset of modern intensive farming has been
associated with asignificant increasein soil lossesto water, especially in the case of arable systems
(Rose et d. 2010; Foster et al. 2011; Collins and Zhang 2016; Cerdan et a. 2020). Importantly,
however, approximately 20% of the world’ s pastureland is estimated to be degraded in some form
(Steinfeld et al. 2006). It is estimated that 0.83 million km? of pasture worldwide is degraded

through overgrazing causing the defoliation and trampling of soils (Oldeman 1994).

On awell-vegetated temperate grassland, interrill erosion caused by raindrop impact particle
detachment is the most likely mechanism for soil losses (Borst and Woodburn 1942; Y oung and
Wiersma 1973; Parsons et a. 1994). Raindrop impact can exert a pressure of up to 10° Pa on the
surface of the soil (Ghadiri and Payne 1981), which disrupts soil aggregates and causesthe gjection
of detached discrete particles and smaller aggregates from its surface (Auerswald 1998; Le
Bissonnais 1996). Soil aggregate stability, antecedent moisture, shear strength, slope, vegetation
cover and raindrop properties all influence soil susceptibility to particle detachment (Bubenzer and
Jones 1971; Al-Durrah and Bradford 1981; Riezebos and Epema 1985; Moore and Singer 1990;

Slattery and Bryan 1992). The dispersion of soil by raindrop impact alone is, however, not
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sufficient to cause sediment loss and overland flows able to transport the detached particles out of
the field are also required (Parsons et al. 1994; Hardy et al. 2017; Pulley and Collins 2019). Asa
result, the compaction of soils can also increase runoff and consequently soil loss (Bilotta et al.

2007).

Raindrop properties and slope represent factors which cannot be controlled through farm
management. However, other factors such as improved aggregate stability, adequate vegetation
cover and reduced soil compaction form part of good land management (Newell Price et al. 2011).
Compaction is caused by the pressure exerted by livestock on the soil surface, which in the case
of cattle, can be a static stressof up to 200 kPa(Di et al. 2001; Bilottaet a. 2007). Theintroduction
of larger farm machinery in both grassland and arable systems has aso been associated with
increased soil compaction (Keller et al. 2019). Compaction reduces the volume of soil macropores,
leading to an increase in bulk density, impeded vegetation growth, reduced water infiltration and

storage capacity and elevated surface runoff (Hamza and Anderson 2005).

Wet aggregate stability represents soil resistance to disintegration and dispersion in water
(Arshad and Coen 1992; Chan et al. 2001). Soil tillage has been associated with a significant
reduction in aggregate stability (Elliott 1986; Kay 1990; Lal et a. 1994) which contributes to an
increased risk of erosion (Montgomery 2007; Evans et al. 2017; Benaud et a. 2020; Cerdan et al.
2020). Trampling by livestock may also disrupt soil aggregates (Johnston 1962; Warren et al.
1986b; Proffitt et al. 1995; Broersma et al. 2000; Ferrero and Lipiec 2000; Shah et al. 2017); as
such, negative correlations have been reported between aggregate stability and soil bulk density
(Cattle and Southorn 2010; Stavi et al. 2011; Cox and Amador 2018). High grass sward cover and
soil organic matter contents are typically associated with increased aggregate stability (Oades

1984; Cox and Amador 2018).
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Vegetation cover is also heavily impacted by grazing and trampling by livestock. A loss of
vegetation increases the proportion of a fields surface exposed to raindrop impact increasing
erosion risk (Busby and Gifford 1981; Sanjari et al. 2009). Piospheres are a widely observed
phenomena where grazing pressure around a watering point creates a gradient of pressure on
vegetation and soils which increases with proximity to its centre (Thrash and Derry 1999; Hart et

al. 1993).

Reducing soil compaction and increasing sward cover through measures such as changing the
length of the livestock grazing season, reducing stocking rates, periodically moving drinking
troughs and feeders and alternative livestock grazing methods such as rotational grazing are
recommended to improve soil structure (Holechek et al. 1999; Newell Price et a. 2011).
Additionally, where soils are identified as being heavily compacted, loosening the affected layers
has been reported to have moderate to high uptake rates by farmers (Newell Price et al. 2011,
Natural England 2019). Maintaining and enhancing soil organic matter levels to maintain good
soil structure, fertility and aggregate stability isaso commonly recommended as good practice on
both arable and grassland farming systems (Newell Price et al. 2011; Natural England 2019). These
measures are, however, associated with significant capital and labour costs to farm businesses

(Gooday et al. 2014).

Whilst some studies have shown significant increases in soil loss associated with livestock
grazing (Alderfer and Robinson 1947; Knoll and Hopkins 1959; Rauzi and Hanson 1966; Warren
et al. 1986a; Mwendera and Saleem 1997), limited data exist on the relationships between the
impact of livestock on soil properties and quantified rates of soil erosion in most |andscapes
(Bilotta et al. 2007). In contrast to the above studies, Gill et al. (1998) observed no clear trend in

sediment losses with increased grazing intensity in grasslands in Alberta Canada. As aresult, the
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potential cost-benefit of interventions aimed at mitigating erosion and sediment |oss are uncertain.
Pulley and Collins (2021) compared sediment yields from 15 grassland fields to cattle and sheep
stocking rates with good livestock management and low erodibility soils in Southwest England
and found no significant relationships between the two factors, suggesting that significant
increases in soil loss are not likely being caused by livestock in this case. It was therefore
concluded that targeting additional management interventions above and beyond recommended
business-as-usual would deliver limited value to the public purse. In contrast, significant benefits
for mitigating substantial excess soil loss were found to be possible in conjunction with the proper
timing of ploughing operations in the same fields when they were ploughed and reseeded as part
of routine sward management (Pulley and Collins 2020). Importantly, insufficient data were
available with which to determine the impact of livestock grazing management and ploughing on
soil properties and how this may have impacted erosion rates and, concomitantly, the potential
benefits that could be delivered by additional management measures. Earlier work on the same
grassland fields identified that detachment of particles by raindrop impact was likely the dominant
erosion mechanism rather than detachment by concentrated overland flows (Pulley and Collins
2019). The objective of this study was therefore to investigate the soil and vegetation factors that
influence rainsplash erosion in a grazed pasture and wheat field with partial vegetation cover on
the same soil types studied by Pulley and Collins (2019, 2020, 2021). It was hypothesised that
livestock are not causing an increasein erosion by raindrop impact on grassland fields but the same
soils, when cultivated, experience a significant increase in erosion rate. As a result, mitigation
measures targeted at recently cultivated land may deliver significantly greater cost-benefit than

those aimed at improving grassland.
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2. Study site

The study was conducted at Rowden and on the North Wyke Farm Platform (NWFP),
Rothamsted Research, Devon, UK (Fig. 1; 50°46'39.48"N 3°55'10.68"W). The grassland field at
Rowden has been sub-divided into three pairs of two plots aimed at comparing rotational grazing
(Earl and Jones 1996) to set stocking cattle management. It has a total area of 11.8 ha with the
three plots managed as rotational grazing, with each 1 hain size. Each rotational grazing plot is
positioned next to a larger set stocking plot of 1.8 ha (SS1, SS2 and SS3) where a fixed stocking
rate is used throughout the grazing season. Plots SS2 and SS3 were examined in this study. The
remaining field area is grazed by cattle but is not part of a controlled experiment. The field is
positioned on the south side of ahill with amean slope of 5.20° and receives amean annual rainfall
of 1053 mm. Soils within the field are mostly Halstow association with Hallsworth association
also present in the Southwest. The Halstow association (sand 22%, silt 47%, clay 31% at 0-21 cm
depth) is a slowly permeable clayey non-calcareous pelosol which is mottled below 400 mm and
has low water storage capacity and the Hallsworth association is similarly a slowly permeable
clayey soil (sand 31%, silt 43%, clay 26% at 50-100 mm depth) (Harrod and Hogan 2008). Fences
dividing the experimental plots are mostly temporary electric wires although a permanent wire
stock fence runs along the eastern edge of plot SS2. The permanent stock fence along the edge of
SS2 has been in place since 2013, prior to which the whole field was ploughed to a depth of
approximately 200 mm and reseeded with a predominantly native Perennial Rye-grass (Lolium
perenne) seed mix with asmall portion of white clover. The water trough in plot SS2 has been in
the same position since ploughing in 2013 and the water trough in plot SS3 has been in position
since 2018. The two set-stocking plots (SS2 and SS3) examined in this study are managed using a

fixed stocking rate of approximately 1,500 kg of liveweight hal, which equates to between 1.7
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and 2.7 LU ha? depending on whether the cattle are in their first or second grazing season. The
plots are continuously grazed through the grazing season with no active management of sward
heights. All cattle are stabiliser beef cattle and are housed during the wet winter months of October

— April to avoid soil damage and follow good-practice guidelines for the UK (Defra 2009).

The arable field studied is on the NWFP and forms the upper portion of Flume catchment 3
(50°46'16.32"N 3°54'15.71"W). The NWFP was established to compare the sustainability of beef
and sheep grazing systems although recent work on catchment 3 is aso testing the impacts of
conversion of grassland to arable land (Orr et a. 2016; Takahashi et al. 2018). This field was
studied as conversion of grassland to arable is forecast to become more common in this region of
the UK and may not be environmentally sustainable (Ritchie et al. 2019). Ploughing disintegrates
soil aggregates and bare earth is common in wet winter months as the crop establishes. Therefore,
two mgjor risk factors exist which could potentially cause increased rainsplash erosionand which
could be targeted by mitigation measures. As with the grassland, however, the potential value
different mitigation options might deliver is uncertain. The upper part of Flume catchment 3is2.8
hain areaand composed of 82% Halstow 14% Denbigh and 4% Hallsworth association soils, with
amean slope of 8.80°. The Denbigh association (sand 18%, silt 50%, clay 32% at 0-110 mm depth)
is a free draining permeable soil unlike the Halstow and Hallsworth associations (Harrod and
Hogan 2008). The field was converted from grassland to winter wheat production in 2019 leaving
a~5 m grass buffer between ploughing and the bottom field margin. At the time of sampling in
February 2021, the second annual crop of wheat plants was approximately 100 mm high and small
grass plants had re-established as a volunteer weed in some locations. The field had undergonerill

erosion during the winter of 2020-2021 and there were up to ~20 mm deep deposits of
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unconsolidated sediment where runoff breached the grass buffer at the lowermost field margin and

up to ~50 mm deep rills present along two lines of flow accumulation.

3. Methods

Traps as described in Section 3.1 were used to determine rates of rainsplash erosion across the
grassland SS2 and SS3 plots at Rowden and the arable field at North Wyke. These data were
compared to soil aggregate stability, vegetation cover, organic matter content and dry bulk density
measured in cores taken from the trap locations to identify the major controls on particle
detachment rates. In the grassland field, it was determined if there was a significant difference
between rainsplash erosion rates and soil propertiesin visibly trampled areas of the field and the
remaining field area. In the arable field, detachment rates were compared in areas with bare soil,
partial cover by small wheat and grass plants and undisturbed grass buffers which contained recent

deposits of eroded sediment.

3.1. Sample collection

Sampling of rainsplash erosion rates focused on set stocking plots 2 and 3 (SS2; SS3) as areas
of compacted and heavily trampled soil were not clearly observed in the cell grazing plots. Asthis
process can only act on the soil surface, cores were collected to a depth of 100 mm and cut to a
depth of 30 mm. 73 cores were collected using a stratified randomised sampling design across the
two plot areas and 27 additional points targeting field margins and visibly trampled areas of soil
were also sampled. A rainsplash erosion trap based upon the design of Jordan et al. (2016) and

tested by Ferndndez-Raga et al. (2019), with adiameter of 120 mm, was inserted into the hole | eft
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by each core at each sampling point. The traps consisted of afunnel containing a 100 mm diameter
gualitative filter paper placed inside of a paper coffee filter. The coffee filter was used to prevent
any soil from entering the filter paper from below in association with rising soil water. A second
funnel with the spout removed was placed on top of the filter paper to prevent the sample from
being washed or blown out of thetrap (Fig. 2). Thetraps were installed into the core holeswith 10
mm of the rim protruding above the soil surface to prevent runoff entering the traps, ensuring that
only rainsplash mobilised particles were collected. The traps were deployed from the 28" January
to the 25" February 2021. During this time 147 mm of rainfall fell in total distributed over 23 of

the 29 days of monitoring; on five of these days over 10 mm of rainfall was recorded.

Within the arable field, 60 cores were retrieved and cut to 30 mm depth and the same number
of rainsplash erosion traps were installed in the resultant holes following the same methods
described above. The cores were sampled in three transects across the field with the coring and
trap installation conducted in pairs at points spread along each transect. Each pair consisted of one
sample specifically positioned on bare earth with no vegetation cover and one trap positioned at
the nearest point with greatest vegetation cover by small wheat plants and volunteer grass weeds.
In addition, two samples were taken in grass buffers which were undisturbed by ploughing and
eleven were taken within the grass buffer at the lower field margin where eroded sediments at the
base of rills had formed deposits up to 20 mm deep within the grass cover. These additional traps
were aimed at determining rainsplash erosion rates in undisturbed grassland, aswell asrateswhere
eroded sediment was present in thick vegetation cover. The traps were deployed from the 9t to the
26 of March 2021when atotal of 46.6 mm of rainfall was recorded. More than 10 mm of rainfall

only occurred on two days during this period; on the 3™ March and 26" March. Sediment was only

10
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found in the traps after the latter event. During this period, warmer weather had resulted in lower

soil moisture than when the grassland field was investigated.

3.2. Sample analysis

The cores were initially weighed when wet before a subsample (~20% of the cores mass)
was dliced from the edge of each and dried at 105°C to record its percentage water content. The
remainder of the core used for aggregate stability measurement was partialy dried at room
temperature and gently broken up into smaller pieces by hand, taking care not to disrupt soil
aggregates. The 6-2 mm fraction of the sample was isolated through sieving and then fully dried
at 40°C. After drying, the <2 mm fraction was then removed to account for particles that had

shrunk or broken apart during the process.

Aggregate stability analysis was performed based upon the methods of van Bavel (1950) and
Kemper and Rosenau (1986). A 10 g subsample of the isolated and dried 6-2 mm fraction was
placed onto a 50 um cloth mesh supported by a plastic frame and submerged in deionised water
for 10 minutes. The sample was then rapidly submerged into the water five times before being
gently shaken. A rapid movement was used as it was viewed as reflecting raindrop impact which
is the identified erosion mechanism on the study fields (Pulley and Collins, 2019). The material
remaining on the mesh was then oven dried at 40°C before being weighed. The dried sample was
passed through asieve stack of 2, 1, 0.5, 0.25 and 0.125 mm diameter meshes and the massin each
size fraction was recorded. Water-stable aggregate stability was expressed as mean weight

diameter (MWD) calculated by equation 1:

11
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MWD = 'LU;')_(@

- M
where: x[] isthe arithmetic mean diameter of each size fraction (mm) and w; the proportion of the

total water-stable aggregates in the corresponding size fraction.

All parts of the core were then recombined and dried at 105°C so that soil dry bulk density
could be recorded. The sample was then disaggregated using a pestle and mortar and any stones
with a diameter >2 mm were removed and their mass and volume recorded to correct the bulk
density measurement. Approximately 5 g of the <2 mm fraction of the soil was used for loss on
ignition (LOI) at 450°C for four hours to estimate the organic matter content of the samples
(Grimshaw et a. 1989). The remainder of the core was placed into a2 | beaker of water and further
disaggregated by hand to separate vegetation from the soil particles. The mass of vegetation was

recorded for each core after drying at 105°C.

For the cores on the cultivated field, vegetation cover was highly spatially variable so the
mass of vegetation on the cores surface did not accurately reflect vegetation on the surrounding
soil. The sampleswere, instead, categorised for analysisinto vegetated, unvegetated and grassland
buffer categories. As the arable soils were recently cultivated, bulk density was not recorded as

any surface compaction will have been reduced during ploughing and cultivation.

To record the mass of sediment retrieved in the rainsplash erosion traps, the coffee filter
containing the filter paper was removed. Because of the presence of insects and vegetation in some
traps, the sediment was washed from the filter paper using deionised water and passed through a
250 um mesh. Material passing through the mesh was dried at 105°C and weighed. All sediment

particles were observed to pass through this diameter mesh.

12
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3.3. Data analysis

In the grassland field, soil dry bulk density and MWD wereinitially mapped to determine how soil
properties varied across the plot areas. It was then tested if there was a significant difference
between the aggregate stability (MWD), organic matter content (LOI) and bulk density of visibly
trampled edge of field areas and the centre of the field which showed little indication of soil
damage by livestock. Soil aggregate stability was then compared to the other soil properties and
vegetation cover to identify any correlations. Correlations between the mass of sediment retrieved
from the rainsplash erosion traps, soil properties and vegetation cover were then examined. The
relative importance of the areas of soil with low rainsplash erosion rates and those with high rates
on overall sediment losses from the grassland field were then compared. The area of the
piesospheres around troughs and fences found to have a high rate of rainsplash erosion was
multiplied by the the mean mass of sediment deposited per unit area of thetrapswithinit. Similarly
the area of the rest of the field was multiplied by the mean mass of sediment retrieved from the
traps within it and a percentage of total rainsplash eroded material coming from each part of the
field of was calculated. These two rainsplash erosion rates were combined and compared to the
average sediment yield moving through the flumes of the unploughed fields on the NWFP between
1/10/2012-31/05/2014 to gain an indication as to if they were comparable to the overall sediment

yield expected from the field.

The aggregate stability of the soils in the cultivated field was compared to that in the grassland
field to determine the impact of ploughing. Soil LOI and moisture content were compared to
aggregate stability to identify significant correlations. A scatter plot between the mass of sediment

retrieved in the rainsplash erosion traps and soil MWD with individual points colour coded by

13
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whether they were vegetated, unvegetated or from the grass buffers, was used to identify if soil
aggregate stability or vegetation cover was the more important control on rainsplash erosion rate.
Tests for significant differences were conducted using a Chi-squared test and tests for correlations

used a Spearman Rank analysis.

4. Reaults

4.1. I mpacts of soil propertieson soil rainsplash erosion on grassland

The mean bulk density of the cores retrieved, excluding the targeted visibly trampled and
field margin samples, was 0.62 g cm@ with astandard deviation of 0.14 g cm3 (Fig. 3a). The mean
bulk density of the edge of field samples was significantly higher (p =0.001) to those in the centre
of the field with a mean of 0.82 g cm™ and standard deviation of 0.33 g cm3. The heaviest
compaction was aong the permanent fence at the edge of the western plot (SS2) where the water
trough is positioned. Bulk density close to water troughs was lower along the temporary fencing
at the edge of the eastern plot (SS3) where the trough has been in place for fewer years (2018 —
present) compared to the water trough in SS2 (2013 — present). The area directly next to the water

troughsin both plotsis similarly heavily compacted.

There was no significant difference (p=0.32) between the aggregate stability (MWD) (Fig.
3b) of the samples retrieved from the visibly damaged soils and edge of fields (mean 2.97 mm;
standard deviation 0.61 mm) and samples from the rest of the field area (mean 3.15 mm; standard
deviation 0.28 mm). There were, however, five samples from visibly damaged areas with low
MWDs of 1.85, 1.12, 1.31, 2.12 and 2.19 mm. Three of these were in piospheres next to water

troughs on the most disturbed areas of soil, and two were in bare patches along the permanent

14



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

fence of SS2. Vegetation cover was, however, not correlated (p=0.19) with alow MWD. Seven
samples retrieved from soils with little grass cover (<0.027 g cm2) had a higher MWD than most
samples which had significant vegetation cover (mean 0.1 g cmr?; standard deviation 0.072 g cmr
2 for the entire dataset). There was also no significant correlation (p=0.82) between organic matter
content (LOI) and aggregate stability, with the samples exhibiting low aggregate stability having
LOI values of 16.2-28.3% compared to a mean of 22.8% (standard deviation 3.8%) for the entire
dataset. Similarly, whilst four of the five cores with low aggregate stability had ahigh bulk density
(1.19, 1.21, 1.41 and 1.45 g cm3) compared to the mean of 0.70g cm (standard deviation 0.25
cm®) for the entire dataset, four samples with a low aggregate stability had comparable bulk
densities. One sample with a low aggregate stability also had alow bulk density of 0.62 g cm3.
Therefore, soil bulk density, vegetation cover and organic matter content are poor predictors of

aggregate stability.

There was no significant correlation (r2=0.13; p>0.05) between the mass of sediment
retrieved from the rainsplash erosion traps shown in Fig. 3 and aggregate stability, bulk density,
vegetation cover or organic matter content. Whilst all four traps which trapped more than 0.5 g of
sediment had ahigh bulk density (>1 g cm3), many sampleswith ahigh bulk density had low rates
of rainsplash erosion. Similarly, whilst three of the four sampling points with high rainsplash
erosion rates had a low aggregate stability, one had a high MWD of 3.76 mm. A low vegetation
cover also characterised all the samples with high amounts of sediment trapped; however, many
areas of bare earth also had low masses of sediment trapped. The highest masses found in the traps

were all close to troughs or in heavily eroded depressions.

Converting the mass of sediment retrieved from the traps into ayield for the entire catchment

is challenging as the precise area of soil contributing detached particles to the traps is unclear.
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However, the relative importance of the areas of soil with low rainsplash erosion rates and those
with high rates on afield can be compared. Multiplying the mean mass of sediment deposited per
unit area of the traps (13.68 g m?; excluding the four values with more than 0.5 g trapped) by the
area of the plots examined equates to 132 kg of rainsplash detached sediment in the two plots over
the February monitoring period. Multiplying the mean (357 g m2) which was trapped around the
two troughs and the patch of bare earth along the fence of SS2 with high rainsplash erosion rates
by the 43m of damaged soil in these areas (measured in ArcMap 10.5 using an airal photograph
taken in September 2019) equates to 15.3 kg of soil detached by raindrop impact. Therefore, on a
field scale, the areas of heavily damaged soils are likely to have contributed only ~10% of the total
rainsplash eroded particles during the February period. When combining the two values and
multiplying by the area of the plots and 16.1% equating to the proportion of sediment whichis, on
average, lost from the NWFP field scale catchmentsin the month of February (Supplimentary Fig.
1), ayield of 0.26 t hayr? is estimated which is comparable to the mean sediment yield of 0.27 t
ha yr moving through the flumes of the unploughed fields on the NWFP between 1/10/2012—

31/05/2014 (Pulley and Collins 2019).

4.2. I mpacts of soil propertieson soil rainsplash erosion on arecently cultivated field

The aggregate stability of the cores retrieved from the cultivated field (mean MWD 1.16 mm;
standard deviation 0.34 mm.) was significantly lower (p=0.00) than in the cores retrieved from the
Rowden grassland field (mean 3.15 mm; standard deviation 0.28 mm). Only one sample retrieved
in the grassland field had aMWD lower than the mean value for the cultivated field. The aggregate
stability of the samples retrieved in the grassland buffer surrounding the cultivated area (mean

MWD 1.91 mm; standard deviation 0.64 mm), which contained recently deposited sediment, was
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also substantially lower than in the grassland field. There was a significant positive relationship
between soil organic matter content and aggregate stability (r?=0.29; p=0.00), and soil water

percentage and organic matter content (r2=0.63; p=0.00).

Despite low soil aggregate stability on the cultivated field, an absence of vegetation isfar more
strongly associated with increased rainsplash erosion rate (Fig. 4). Whilst both the bare and
vegetated parts of the cultivated field had comparable aggregate stability, the mean mass of
sediment retrieved from the traps on the bare soil was 0.10 g (standard deviation 0.11 g) compared
to only 0.03 g (standard deviation 0.02 g) on the partialy vegetated soil. The mass of sediment
retrieved in the grassland buffers where sediment deposits were present was comparable to that in
the vegetated cultivated land at all but one sampling point where a high mass of sediment was

retrieved.

5. Discussion

The hypothesisthat livestock are not causing an increasein rainsplash erosion rate on grassland
fields but the same soils, when cultivated, experience a significant increase in erosion rate can be
accepted based on the results generated. Soil bulk density and aggregate stability were not found
to be good predictors of rates of rainsplash erosion rate on the heavy soils at Rowden and on the
NWFP on either grassland or arablefields. This contrasts with the findings of some previous work
which has reported the controlling effect of aggregate stability on rainsplash erosion rates,
including by Farres (1978) on a calcareous silty soil with loess material additions, and Mermut et
al. (1997) on loess soils. The response of soils on the NWFP to trampling also contrasts with those

studied by Cattle and Southorn (2010), Stavi et a. (2011) and Cox and Amador (2018) on clay
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loamy and coarse-loamy soils wherein a reduction in soil aggregate stability was associated with
increasing soil bulk density. The lack of an impact of grazing livestock on monitored field-scale
sediment loss on the NWFP reported recently by Pulley and Collins (2021) can therefore now be
explained by two factors. First, under recommended best practice grazing management, including
no outdoor grazing over the winter drainage period, soil compaction is mostly limited to the field
margins which are preferentially used by cattle (Pulley and Collins 2021). Within this damaged
area, the magnitude of soil compactionisvariable and ismost severein small areas closest to water
troughs which cover an extremely small proportion (<0.3%) of the total plot area in a piosphere
effect (Hart et al. 1993; Thrash and Derry 1999). Second, in these compacted areas, there is no
evidencefor aconsistent reduction in soil aggregate stability or an associated increasein rainsplash

erosion rate.

There was no indication that soil organic matter content (LOI) was associated with lower
rainsplash erosion ratesin the grassland field. However, LOI was lower in the arable field with its
higher rainsplash erosion rates compared to the grassland, and a weak relationship was found
between LOI and aggregate stability in the arable field. However, soil tillage rather than organic
matter content appears to be the magjor control on reduced aggregate stability at our study site as
rel ationshi ps between the two factors were weak. Previous work has reported the destructive effect
of soil tillage on aggregate stability (Angers 1992; Oades 1995; Hajabbasi and Hemmat 2000;
Weidhuner et al. 2021). On the NWFP, Pulley and Collins (2020) estimated sediment yields in
fields which were recently ploughed and reseeded of 0.33, 0.64, 0.66 and 0.71 t ha yr! between
October 2012— and June 2014; compared to a mean of 0.27 t ha yr! for fields which had not
undergone ploughing operations. After ploughing during wet soil conditions sediment yields

could, however, be far higher.
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Our new evidence points very clearly to the limited impacts on sediment loss which could be
expected to accrue from some currently recommended and highly spatially-targeted on-farm
measures for controlling sediment loss from lowland grazed landscapes on heavy soils, including
moving troughs and feeder rings at regular intervals and constructing troughs with a concrete base
(Collins et al. 2021). An additional consideration for when attempting to reduce sediment loss is
that the low masses of sediment detached per unit area of the grass field (13.68 g m2 during the
February period monitored) leave limited scope for further improvement. This is especially so
when considering that, if extrapolated into an annual sediment yield, the resulting estimate of 0.26
t ha yrrainsplash erosion rate represents a considerable proportion of the typical yield for a UK
catchment (Walling et al. 2008). Evans et al. (2017), using extrapolated suspended sediment yield
data from Cooper et a. (2008), sediment source fingerprinting estimates and assumed sediment
delivery ratios, estimated lowest mean grassland erosion rates of 0.18, 0.21, 0.25 and 0.47 t hayr!
for light (<18% clay), medium, heavy (>35% clay) and chalk/limestone soils, respectively, and
corresponding upper rates of 0.46, 0.48, 0.62 and 1.18 t ha yr. Therefore, accepting these
extrapolations and assumptions the rates of grassland erosion occurring at North Wyke are likely
to be typical of many grassland landscapes across England. Therefore, it is suggested that many
recommended mitigation options (Newell Price et al. 2011; Natural England 2019) for reducing
sediment loss would be unlikely to deliver additional benefit, above and beyond those reductions
associated with best practice grazing management, if used on the NWFP and in similar landscapes
elsewhere. For cultivated fields, ensuring adequate vegetation cover during winter monthsislikely
to deliver far greater benefits than options to increase soil aggregate stability such asincreasing its
organic matter content. Previous work has suggested that vegetation and ground cover can reduce

rainfall erosivity by ~50% (Wainwright et al. 1999).
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6. Conclusions

The results of this study suggest that in lowland grazing livestock landscapes with heavy soils,
such as those represented by the NWFP, where recommended best management grazing practices
are already implemented, further substantial reductions in elevated sediment loss from grassland
fields may be unlikely. Some elevation of sediment loss from grassland, and the associated
detrimental off-siteimpactsfor water quality, water treatment and aguatic ecology, dueto lowland
beef and sheep farming with recommended grazing management, is therefore an inevitable trade-
off for society. This trade-off, nonetheless, is clearly reduced in magnitude by the uptake of
recommended best grazing management, but there is limited scope for closing the sediment
pollution gap any further. To the contrary, there is, however, greater scope for reducing elevated
soil loss from arable land on the soils studied in our work by ensuring maximum vegetation cover
during wet months and optimising the timing of ploughing and sowing operations to when soils
aredry (Pulley and Collins 2020). Mitigation measures aimed at increasing soil aggregate stability
on either grassland or arable soils studied in our work herein are unlikely to produce a significant

reduction in rainsplash erosion rates, which represent the first mechanistic stage in soil erosion.
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Figure Captions

Fig. 1: The Rowden experimental plot field and Upper NWFP Flume 3 catchment with sampling

locations.

Fig. 2: Rainplash erosion traps positioned on bare and vegetated parts of the cultivated field after
arainfall event.
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Fig. 3: Mapped soil dry bulk density, MWD and masses of sediment retrieved in the rainsplash

erosion trapsin 0-3 cm deep coresin plots SS2 and SS3.

Fig. 4: The mass of sediment retrieved in the rainsplash erosion traps compared to soil aggregate

stability.
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729  Supplementary Fig. 1: Monthly percentage contribution to annal sediment yield, mean rainfall and
730  mean soil moisture.
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