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Accessible sediment provenance information is highly desirable for guiding targeted interventions for reducing
excess diffuse agricultural sediment losses to water. Conventional sediment source fingerprinting methods can
provide this information, but at high cost, thereby limiting their widespread application for catchment man-
agement. The use of sediment colour measured using an office document scanner represents an easy, fast, and
inexpensive alternative method to trace sediment sources. However, the potential for poor source discrimination
and its non-conservatism due to enrichment in sediment organic matter content during sediment transport
represent possible limitations to its use. As such, the treatment of samples using hydrogen peroxide to remove
organic matter can potentially improve source discrimination based upon geology or soil type, and the mapping
of differences in colour between source and sediment samples removing the need for a priori source groups, were
trialled in a new colour-based tracing framework. The River Avon in southwest England and Holbeck/Wath Beck
in northeast England were studied as they have been identified as being of high priority for the targeting of on-
farm advice delivered through a long-running agri-environment initiative. In both catchments, colour was
effective at identifying that a small proportion of each which would be considered as being low erosion risk was
the dominant source of the sampled sediment. This was due to poor connectivity between fields deemed to be at
high risk of erosion and stream channels. The hydrogen peroxide sample treatment confirmed that sediment
colour was not significantly altered by enrichment in organic matter content. This treament and the mapped
comparison between source and suspended sediment colour improved source discrimination allowing for the
more spatially-refined identification of critical sediment source areas. It is argued that this new inexpensive
procedure can potentially deliver more precise and reliable information to catchment managers than costly
quantitative sediment source fingerprinting methods. This method can greatly increase the availability of
catchment-specific sediment source data and therefore the robust targeting of management efforts on a national
scale.

1. Introduction

A reduction in diffuse sediment losses from agriculture is needed to
meet global water quality targets (Collins and Zhang, 2016; Davey et al.,
2020). Whilst basic mandatory rules for farming to deliver good agri-
cultural and environmental condition represent a starting point towards
reducing these excessive losses, it is recognised that regulation alone is
not sufficient to reach the desired environmental outcomes (Poole et al.,
2013; Collins and Zhang, 2016). As a consequence, agri-environment
initiatives are being increasingly used to achieve enhanced environ-
mental outcomes through delivering advice for win-win solutions and
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grants to farmers for more costly interventions. Here, for example, be-
tween 2007 and 2013, over €22 billion of Common Agricultural Policy
(CAP) payments in the EU were delivered through agri-environment
initiatives. Similarly, the Conservation Security Program in the USA
delivered $8 billion in grants between 2009 and 2018 to initiate and
maintain conservation measures. In the UK, the Catchment Sensitive
Farming (CSF) initative has engaged with 19,776 farms covering 34% of
England and has recently been expanded to cover the whole of the
country with an annual budget increased from 15 m to £30 m. However,
to deliver good value for the public purse, on-farm advice and grants
must be targeted effectively to the most important sources of sediment
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within a catchment (Jones et al., 2017).

Variability in the dominant sources contributing to the sediment
problem in different rivers and streams makes the prediction of which
sediment sources to direct advice and mitigation options towards chal-
lenging and uncertain (Walling et al., 2008; Pulley and Collins, 2021a).
Sediment source fingerprinting is a method by which the percentage
contribution of different potential sources, based upon land use, soil
type or geology, can be estimated, providing this much-needed infor-
mation (Klages and Hsieh, 1975; Collins et al. 1997, 2017). The method
has proven effective in many catchments and is experiencing increasing
global uptake (Collins et al., 2020). However, state-of-the-art ap-
proaches are time consuming and expensive, and also have highly
complex data analysis requirements including the application of various
statistical procedures for source discrimination and mass balance
models for source apportionment (Collins et al., 2017). As a result, the
global use of this method to improve the delivery of catchment man-
agement measures continues to be hampered by the specialist skills and
budgets required for studies using the latest detailed and resource
demanding procedures (Mukundan et al., 2012).

Sediment colour and spectral fingerprints are increasingly being used
for source tracing reducing the need for costly more conventional lab-
oratory analyses (Martinez-Carreras et al., 2010; Barthod et al., 2015;
Brosinsky et al., 2014; Evrard et al., 2019; Ramon et al., 2020; Amorim
et al., 2021). In parallel, the use of an office document scanner for colour
measurement is also experiencing increased uptake in research,
removing the need for expensive specialist equipment and therefore
greatly increasing the accessibility of the fingerprinting approach (Krein
et al., 2003; Pulley and Rowntree, 2016; Pulley et al., 2019; Garcia--
Comendador et al., 2020). Here, a recent publication by Pulley and
Collins (2021b) trialled the identification of sediment provenance using
source and sediment colour presented in simple scatter plots reducing
the need for complex statistical and modelling source estimation
methods. It was found that the method produced useful sediment
provenance data in six of the eight catchments studied in England and
could potentially be as effective or more effective at identifying the
sediment sources most in need of mitigation than state-of-the-art costly
multi-tracer quantiative sediment fingerprinting. Similar scatter plots
are also being increasing used with multiple sediment properties to gain
an indication of sediment provenance, discrimination between potential
sediment sources, and also to determine if tracers are conservative or are
being transformed during sediment redistribution and transport (Old-
field and Wu, 2000; Pulley et al., 2015; Habibi et al., 2019; Kroese et al.,
2020). There does, however, remain scope to further refine the quali-
tative use of sediment colour for source tracing as Pulley and Collins
(2021b) found that colour failed in two catchments investigated due to
poor source discrimination and tracer non-conservatism. One possible
methodological improvement concerns sample treatment using
hydrogen peroxide to remove organic matter (Pulley and Collins, 2018).
This has the potential advantage of reducing the uncertainties associated
with the enrichment of sediment-associated organic matter content
during its redistribution and transport which can result in erroneous
sediment provenance results (Koiter et al., 2018). It may also increase
source discrimination based upon geology or soil type once the colour of
organic matter, which is typically in high concentrations in land uses
such as woodland or grassland, has been removed. An additional
methodological development which has yet to be trialled with colour
tracers is the direct comparison of mapped source and sediment prop-
erties as demonstrated by Pulley et al. (2017). This approach has the
potential to qualitatively indicate the areas of a catchment most likely to
be contributing sediment to a river channel without being constrained
by a priori land use or geology based source groups, and therefore may
be able to add precision to the identification of critical sediment source
areas and reduce the risk of tracers being unable to discriminate be-
tween sediment sources sufficiently well to inform catchment
management.

When these potential methodological improvements are considered
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alongside the recent finding that the sources of <25 pm sediment did not
change significantly with flow condition in most of the eight English
catchments studied by Pulley and Collins (2021a) a further possibility is
also raised. This concerns the fact that a short (~1-3 month) sampling
campaign combined with rapid and inexpensive colour measurement
can provide the critical sediment provenance information needed for
supporting target catchment management within England and possibly
elsewhere worldwide. Accordingly, here we trial this proposed new
approach in two catchments in England and assess if it can provide the
information necessary for supporting targeted mitigation through CSF as
a current strategic agri-environment initative for addressing the water
quality problem associated with modern intensive farming.

2. Materials and methods
2.1. Study sites

The catchments of the River Avon upstream of Patney village and
Holbeck/Wath Beck were selected for study at the request of CSF as they
are considered as high priority for targeted mitigation due to sediment
related pressures on water quality. The River Avon study catchment
(51°19'23.38"N; 1°53'46.46"W) has an area of 28.5 km? and is located
in an area of low gradient land in southwest England surrounded by the
uplands of the North Wessex Downs to the north and Sailsbury plain to
the south. It is characterised by flat ground in the valley bottom un-
derlain by greensand, alluvium and peat deposits, which is surrounded
by chalk hills around the watershed (Fig. 1). The peat deposits are
mostly adjacent to stream channels and often form their banks. Soils
adjacent to the river channel are loamy and clayey floodplain soils with
naturally high groundwater. Over the greensand, soils have a more
sandy texture and are loamy and freely draining, whereas over most of
the chalk geology, soils are freely draining loamy and lime-rich.

Cultivated fields dominate land use on the chalk hills and in the
southern part of the catchment. The flat land adjacent to most ditches
and stream channels over most of the peat and greensand geology is
primarily utilised as grassland although some cultivated fields are also
present (Fig. 1). At the time of sampling in early May 2021, most
cultivated fields contained bare soil in preparation for maize germina-
tion. Other cereals such as wheat covered a smaller proportion of the
catchment area. At the time of sampling, only ~5 grassland fields were
observed to contain livestock, which were mainly cattle. Field size
generally varies according to land use, with large cultivated fields on the
chalk hillslopes and small grassland fields in the flatter peat and
greensand valley bottom area. Hedgerows dividing fields are typically
narrow and consist of only a single row of trees or a wire fence which in
many cases are unlikely to pose a significant barrier to sediment
movement. The flat valley bottom area is drained extensively with dry
ditches adjacent to the margins of many fields. Channel beds are mostly
covered by gravels although in some places deposits of clay or peat from
slumping banks are present. Thick sediment deposits on the channel bed
are uncommon although can be found in vegetation patches or in pools
at the stream margins at some locations. A canal and railway present two
longitudinal barriers to sediment movement across the catchment.
Streams are piped under these features permitting connectivity,
although these sediment transport pathways are limited to six such lo-
cations. In the lowermost catchment, just upstream of Patney, levees and
wide buffer strips are located between cultivated land and the river
channel which appear likely to trap the majority of sediment mobilised
from these fields. Riparian buffers are typically over 3 m in width in
most of the remaining catchment.

The combined catchment of Holbeck and Wath Beck (area 105 km?;
54°11'36.43"N; 0°54'47.82"W) is in the northeast of England to the
south of the North Yorkshire Moors and contains part of the Upland
Howardian Hills. The study catchment is characterised by a flat valley
floor in the north which is underlain by clays, mudstone and superficial
sand and gravel deposits, which covers approximately 30% of the
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