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ABSTRACT

Runoff from farm roadways within farm boundaries are acknowledged as a year round
source of pollutants discharging to surface water, particularly during the main grazing season
(Feb-Nov) when their usage is high. These losses are considered to be a significant
catchment scale pressure and have led to recent legislation in Ireland to prohibit direct
runoff from farm roadways to waters with similar guidance in the UK and New
Zealand. However roadway runoff (RR) remains an undocumented and understudied
part of the transfer continuum where knowledge gaps remain in relation to its quantity
and composition, and in relation to the impacts of RR management options on adjacent
surface waters. Indeed some information on mitigation measure design and efficacy is
only available from non-agriculture land uses e.g. forestry and needs to be presented in
a farm specific context. The present review brings together knowledge on RR in terms
of content on- or off-roadway management options and proposes alternative mitigation
measures that may require pilot scale testing. Studies show that RR contains a mix of

legacy (surface materials) and incidental (fresh urine and faeces) constituents such as
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phosphorus (P), Escherichia coli (E. Coli) and sediment which become temporarily mobilised
during rainfall events. Once mobilised, the roadway network can quickly transport pollutants
providing connectivity between farmyards, hard standings, underpasses where attached to a
watercourse, fields and even public roadways to watercourses. Its contents are not dissimilar
to dilute slurry or dairy soiled water with loads being highest where animals congregate
(within 100 m of the farmyard or where roadway configuration or quality impedes stock
movement along the network). On-roadway management options include regularly spaced
diversion structures that divert runoff for passive treatment in a field or drainage ditch or the
application of chemical amendments to roadway surfaces. Off-roadway options can include
natural or enhanced features, which attenuate flow leading to settlement of suspended
sediment and in some cases treatment of a percentage of the load before delivery to a
watercourse. It should be noted that the options presented in this review need to be retrofitted
to site specific conditions. Therefore, a number of factors, including their effectiveness, cost
and management needs on a particular farm, as well as local regulation requirements will
need to be considered prior to implementation. Therefore, only the measures that divert
RR away from waters are applicable to Ireland. Future research should develop and
validate a farm roadway risk assessment tool to identify vulnerable roadway sections that
need management and/or re-design, and identify means of incorporating RR into catchment
scale risk assessment models. In addition, design of on- and off- RR management options
should consider the wide variations in farm configuration and management with regard to
size, topography, soil type/drainage class, enterprise, intensity, scale, stage of development

and the potential impacts of climate change.

Keywords: catchment, agriculture, environment, pathway, farm roadways, runoff

1.0 Introduction
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1.1 Farm roadway networks on dairy farms

Farm roadways, which service private lands but are never considered public
roadways, are a specific unsealed subset of the overall catchment road network (Krdger et al.,
2012). Internationally farm roadways are also referred to as farm laneways (Monaghan and
Smith, 2012; New Zealand), farm tracks (Adams et al., 2014; USA) and stock lanes (Lucci et
al., 2010: EU). Within farm boundaries urine and faecal matter deposited by animals,
pollutants from machinery movement and run-on from farmyards are deposited on roadway
surfaces (Oudshoorn et al., 2008) and with the onset of rainfall are mobilised along surface
slopes, as saturation or infiltration excess is exceeded. Farm roadways are typically
constructed so that they can easily drain surface runoff to adjacent land or alternatively
deliver this temporary runoff to a watercourse thereby alleviating ponding and waterlogging.
To protect water quality however, opportunities to intervene and prevent direct or
indirect RR delivery to a watercourse or public roadway should be explored (Sharpley
et al., 2015). An increased awareness of the potential contribution of farm roadway
runoff (RR) to surface water impairment is reflected in recent legislation in Ireland (SI
605 of 2017) prohibiting direct runoff from farm roadways to waters with similar
guidance in the UK (UK Environment Agency) and New Zealand (Ministry for the
Environment). However, while such restrictions are being imposed, it is somewhat
surprising that RR management is underrepresented in the literature and key
knowledge gaps remain in relation to i) the seasonal content of RR, ii) current and
future RR management options and iii) understanding of the long term and seasonal
short term impacts of RR on adjacent surface waters. The present review focuses on the
first two of these knowledge gaps and its objective is to a) report on the varied content
and composition of RR and b) assimilate knowledge of on-roadway (e.g. diversion,

discharge and treatment) and off-roadway management options while examining their
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suitability and adaptability to break the direct connectivity between RR and water
courses, with emphasis on sediment, N and P loss remediation. In addition, future
options that may have potential for RR management are briefly discussed. The third

knowledge gap, impacts of RR on surface waters, is currently being assessed separately.

The primary function of a roadway network on grassland farms is to facilitate stock
movement and maximise grass utilisation which is a key driver in increasing net profit and
farm sustainability. An intensive roadway system facilitates increased labour efficiency and
ease of operations at all times and makes grazing management easier during adverse weather
conditions. In Ireland, Farm roadways typically occupy 1-2% of the grazing land area and
their spatial layout and configuration varies significantly within and between farms. This
variability will be due to enterprise type (e.g. beef versus dairy, grassland versus tillage),
landscape and farm shape (roadway slope or length) or farmer preference. Farm roadways,
open drainage ditches, and culverts influence hydrological and geomorphological processes
significantly (Duke et al., 2003). Farm roads represent a category of semi-pervious areas with

potential to generate infiltration-excess surface runoff (Srinivasan and McDowell, 2009).

The significance of RR as a contribution to spatially distributed diffuse source
pollution of waters is clear. For example, Buchanan et al. (2013a) indicate that
manmade drainage networks (e.g., road- or agricultural-ditches) have a high level of
connectivity with waters and contribute significantly to non-point source pollution.
Finding where connectivity to waters exists along these networks enables possibilities
for targeting water quality protection practices around or within these networks. For
example, Buchanan et al. (2013b) found that 94% of connected roadway drainage
ditches discharged to natural streams, effectively doubling the drainage density.

Endreny and Wood (2003) allocated an export coefficient of 0.49 kg P ha! for roadways
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within the Paines Creek catchment in USA. In fact P-loading from RR can be
substantial and, indeed, can approach or exceed that of agricultural runoff from fields

in some settings (e.g. Easton et al., 2007; 2008; Wu et al., 1998).

Farm roadway design and construction has not, to date, incorporated and prioritised
diversion of runoff away from watercourses. While surface drainage of roadways is
considered, especially where steep gradients promote the potential for scouring and loss of
road surface layers, surface water would normally discharge to watercourses where adjacent
and accessible. Typically, farm roadways closer to the farmyard tend to be better developed
and maintained while those servicing the outer extremities can be underdeveloped or
neglected over time. There also tends to be incremental development as new land is acquired
or the farm layout is reconfigured. As such, a patchwork of different roadway types can be
pieced together to form the roadway network with specific sections varying in terms of
configuration, length, width, gradient, cross-fall, surface condition and constituent materials.
Livestock will therefore encounter many different roadway types and configurations when
walking. In many cases the core road network may have been in place for many years and
originally designed for lower livestock numbers than currently exist. In this scenario, the
roadways, even if well maintained, tend to be compromised in terms of width and as a result
reduce livestock flow and comfort when in use (Teagasc, 2017; Dairy NZ, 2019). Efficient
and comfortable livestock movement will be hindered by the extent of maintenance of the
roadway, such as uneven/damaged surfaces, potholes, excessive dung/dirt, grassy margins,
excessive shelter/shading (obscures view and promotes dirty surfaces and dampness) and

with obstacles such as poor placement of water drinking troughs or excessively close fencing.

1.2 Roadway runoff source, content and hotspots
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A dairy herd can make up to 600 return journeys per year between grazing areas and
the milking parlour (Clarke, 2016). Several studies employing different grazing systems have
also investigated where and how many times cows urinate and defecate (Oudshoorn et al.,
2008; Hirata et al., 2011; Villetttaz Robichaud et al., 2011; Orr et al., 2012). Most relevant to
the current review is the study of Oudshoorn et al. (2008), which measured the frequency of
urination and defecation in pasture, in barns and in races (i.e. roadways). Results showed that
the time spent by animals in a certain area correlated with the frequency of urination and
defecation. Defecation occurred on roadways and in pastures, but there was greater variation
of defecation along roadways than in pastures. Similarly, in a study to map the spatial and
temporal distribution of dairy cattle excreta, White et al. (2001) also observed that the
number of defecations correlated with time spent in a particular area. Highest concentrations
of nutrients were in the vicinity of drinking troughs in fields and along roadways, particularly

during warm weather.

Therefore, identifying roadway sections that receive greater loads and increasing the
speed (i.e. flow and therefore time spent) of animals through these sections would likely
decrease the load of source materials on roadways, thereby decreasing load losses in RR as
mobilisation occurs. To aid with animal flow, consideration should be given to the roadway
surface (smooth for animal hoof health, compact and water resistant to minimise infiltration),
width (should increase as herd size increases), gateways (should be a consistent width) and
configuration of the roadway network. The avoidance of “bottle necks” at particular points
i.e. before the collecting yard, at junctions or through incorrect placement of water troughs
along roadways (either in the field or roadside), and avoiding sharp bends or changes in
direction will further facilitate ease of stock movement. White et al. (2001) showed that

rousing animals in pasture before allowing them onto roadways could decrease on-road
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urination and defecation. This practice could increase flow on roadways as cows need to stop
to urinate (Aland et al., 2002). All of these factors will minimise time spent travelling to and
from the milking parlour and reduce the potential for cow lameness. In terms of RR
management, roadways should not be considered as stand-off areas and individual road

specifications in different jurisdictions should be followed closely.

Depending on the location of inspection, farm RR will always be a combination of
different nutrient sources which can include farmyard run-on, spillage of organic fertilisers
from machinery, nutrients stored in the roadway surface from past losses and concentrated
nutrient deposition from manure and urine by cattle (Ledgard et al., 1999; Lucci et al., 2012;
Burchill et al., 2019). However, only a few studies have examined particulate and dissolved
runoff losses derived from such depositions in terms of concentrations or loads. Ledgard et al.
(1999) noted that approximately 5% of cow excreta N were deposited on roadways in a dairy
farmlet trial in Waikato, New Zealand. An assessment of P and suspended sediment (SS)
loads from sources within a dairy farm reported highest concentrations from farm roadways
(5.98 mg TP m?; 875.6 mg SS m™) and areas around drinking troughs (4.20 mg TP m?;
190.2 mg SS m2) with lowest concentrations from pastures (0.78 mg TP m?; 73.14 mg SS m-

?) (Lucci et al., 2010).

Monaghan and Smith (2012) showed that RR concentrations of nutrients and E. coli
increased near farmyards (within 100 m) or along roadway sections up to 700 m from
farmyards due to deposition of animal excreta in these more highly trafficked sections of the
farm roadway network. In addition, these concentrations were higher during sampling events
that occurred when animals were outside and lower during the winter period where animals

were kept indoors. Total nutrient loads in runoff expressed as g m were as follows: TP 3.3,
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DRP 1.3, ammonium-N (NHs-N) 3.8, dissolved organic N 3.1, total SS 358 while the E.coli

load in runoff was 3.8 x 10’ MPN m2.

Cow diet and cow type also have a role to play in the nutrient content of faeces and
this should not be considered homogeneous. As depicted in Powell et al. (2013), when dairy
feed N exceeds 26.4 g kg dry matter (DM), there is a propensity for the ‘nitrogen use
efficiency’ (i.e. the proportion of dietary N (consumed feed crude protein (CP) divided by
6.25) converted to milk or live weight gain (kg)) to decline dramatically. This leads to an
increased amount (kg) of N being excreted (NEX), especially urinary N, mostly as urea, a
reactive form of N that is highly susceptible to environmental loss. Additionally, in research
carried out by Rice et al. (submitted), in relation to the environmental impact of three dairy
breeds (Holstein Friesian (HF), Jersey (J), or HF *J cows (F1)), the F1 cows had lower NEX

than the other 2 breeds per unit of dietary N fed (g N/ kg DM).

1.3 Farm roadway runoff as a significant pressure at catchment scale

Roadways within agricultural catchments are acknowledged as an important pathway
for nutrient and sediment loss providing connectivity within the land-water continuum
(Hively et al., 2006; Collins et al., 2010; Wemple, 2013). In a study conducted in New
Zealand by Monaghan and Smith (2012) across a range of dairy farms within the Bog Burn
study catchment, it was shown that runoff from farm roadways accounted for < 1% of the
annual catchment loads of total P (TP), dissolved reactive phosphorus (DRP), total suspended
nitrogen (TSN) and total suspended solids (TSS). However, if loads measured over summer
are expressed as a proportion of measured summer catchment loads, roadways could

contribute between 4 and 76% of TP loads, or between 6 and 100% of TSS loads, assuming
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that 5 or 100% of laneway areas discharge directly to surface water, respectively. Similar
patterns were found in another study by McDowell et al. (2020) who examined roadway
runoff from a section of roadway trafficked by cows twice daily on a dairy farm in New
Zealand across 18 rainfall events where a total of 3,243,750 L of runoff was collected.
Results showed load losses of 2.5, 0.5, 17.0, 20.0, 21.6 and 1.93E+11 for DRP, dissolved
organic P, particulate P, TP, SS (kg hat) and E.coli (colony forming units, cfu), respectively.
For approximately 50% of outcomes, >2.5 g TP ha! was available to be lost in runoff. Using
uncertainty analysis and default data for cow dung weight (kg), number of deposits on a
roadway section per hectare and the TP content of a dung deposit, the estimated TP load,
from a 100 cow dairy herd, for any roadway ranged from 7.7 to 462.2 kg ha*. Once again in
that study the greatest losses occurred during summer months. This season is interesting in
Ireland as over the past 30 years there has been a shift in weather patterns with more episodic

high intensity rainfall events occurring in the summer period (Tuohy et al., 2018).

1.4 Potential on-roadway and off-roadway runoff management measures

It is likely that for maintenance purposes RR is already being diverted and discharged
from existing farm roadway networks and consequently their starting position from a
pollution perspective is not a neutral one. At present, instead of retaining water and slowing
the flow, the agricultural landscape has been modified to speed up flow to surface water.
Many roadway sections act as hard surface conduits speeding up sediment and dissolved
pollutant losses from farms to watercourses. During rainfall events, critical (stored in the
roadway media) and incidental (farmyard run-on and on-roadway micturition and defecation)
losses of nutrients can be incorporated into RR, which may discharge directly to a field, ditch

(at breakthrough discharge points), public roadway or a surface waterbody (delivery
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discharge point) (Thomas et al., 2017). However, roadways can also be seen as potential

contaminant retention features if managed correctly.

On-roadway management of runoff may include measures such as (i) flow attenuation
through diversion or (ii) use of roadway surface chemical amendments (e.g. alum, ferric
chloride or polyaluminium chloride) to flocculate nutrients out of suspension and bind them
to roadway sediments. Flow attenuation can be achieved to varied degrees by introducing
diversion structures such as grade breaks or channels installed at regular intervals on sloped
roadways. Other diversion techniques are through cross-fall manipulation of the roadway
(LEAF, 2010). It should be noted that diversion along a roadway to a ditch or direct discharge
to a field will be easier at some locations than others. For example, diversion of runoff may
become complicated at locations where ponding could occur, due to soil type or relief, or in
locations directly adjacent to a watercourse, where discharge away from such a feature would
be problematic. Diverting RR away from waters to a discharge point and into a field or
towards waters into a ditch (not applicable under current regulations in Ireland) slows
water movement from land to surface waters during peak rainfall. The degree to which this
phenomenon occurs naturally varies due to inherent soil or sediment conditions after the
discharge point. Slowing the flow can also occur through mechanical solutions e.g. sub-
soiling in fields or installation of engineered solutions such as weirs or gates in ditch systems.
The infiltration rate of soils in fields may not always be adequate to prevent diverted runoff
from ponding or reaching a watercourse. In some tillage scenarios using these ponded areas
as sinks (Thomas et al., 2018) by creating a vegetated scrape bund (LEAF, 2010) or a
soakage (DAFM, 2019) or vegetated area, may facilitate water retention and attenuation of
nutrients in the RR whilst still breaking connectivity. Engineered treatment systems which

intercept diverted RR at or near surface runoff pathways are now incentivised and are in
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place on many landscapes (e.g. in forestry (Akbarimehr and Naghdi 2012)). For example, in-
ditch engineered structures in different parts of the world such as woodchip biological
denitrifying bioreactors (Schipper et al., 2010) can treat ~20% of the nitrogen (N) during
peak flow conditions through conversion of nitrate (NOs) into di-nitrogen (N2) gas. Other
examples include a variety of structures (e.g. combined bed) filled with a permeable
phosphorus (P)-sorbing media treating ~20-30% of the dissolved reactive phosphorus (DRP)

load in ditch networks (Penn et al., 2007).

2.1 Existing on-roadway management options

Given the potential of farm roadways to increase the hydrological connectivity of
diffuse pollution with receiving waters (Shore et al, 2013; Thomas et al, 2017) it seems
logical that their design should facilitate measures which retain pollutant loads along their
length, for example by controlled discharge points for off-road treatment. A key aspect of this
treatment is the separation of nutrient enriched sediment from the liquid portion of the runoff
(LEAF, 2010). This can be achieved by flow attenuation which mutes runoff at peak rainfall
periods and thereby decreases load transfer of nutrients and sediment along the transfer

continuum (Haygarth et al., 2005).

The captured solids can potentially be reused as a fertiliser while the liquid portion
will require further treatment (natural or engineered) to reduce nutrient concentrations prior
to connecting with the receiving watercourse. An overarching consideration for on-road
management options are the impacts of climate change and weather patterns such as storm
events (Mellander et al., 2013) and seasonal as well as inter-annual variations (Jennings et al.,
2013; Sherriff et al., 2015), although the extent to which these impact on the relationship

between agriculture and aquatic ecosystems remains somewhat uncertain (Doody et al.,
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2019). There are relatively few examples of on-roadway management options available in the
literature (e.g. Scheetz and Bloser, 2009; STTI, 2018) and most of these relate to roadway

surface modifications which can be applied to new or existing roadways.

2.2 Roadway surface modifications or amendment

The overall objective of carrying out roadway surface modifications is to manage and
direct RR away from watercourses to selected discharge points where flow can be attenuated,
preferably in an adjacent field, prior to off-roadway treatment. These modifications are
generally cheap and easy to implement; however their effectiveness is dependent on selecting

the most appropriate option for the scenario in question.

Surface profile modifications may involve provision of a single camber to the
roadway away from watercourses to direct runoff to adjacent fields where it can be naturally
attenuated by the soil. Where the roadway is located away from a watercourse a double
camber comprising a continuous slope from the roadway centreline to the roadway edge may
be employed to allow fields on both sides of the roadway be used for attenuation (Scheetz
and Bloser, 2009). The depth of water retained by roadway surfaces is influenced by the
slope and length of the flow paths taken by the runoff, the rainfall intensity and the roadway
texture depth (Galloway et al., 1971). The flow paths are dictated by both longitudinal and
cross sectional gradients and where the longitudinal gradient is relatively low; the flow path
is predominantly influenced by the cross-fall gradient. In situations where there is a steep
longitudinal gradient however, there is an increased risk of high velocity flow (flow
channelling) bringing with it the risk of surface erosion and transport of nutrients to a
downstream discharge point. In cases where the roadway surface is (or has become) lower

than the surrounding terrain it may also be necessary to raise the roadway profile to eliminate
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additional flow contributions from adjacent fields (Sheetz and Bloser, 2019). Where this
measure is applied, it may be necessary to provide hydraulic connectivity between both sides
of the roadway by constructing a “french mattress” or underdrain (DGVLR, 2019). This is to
prevent build-up of water in cases where the roadway acts as a barrier to natural water
movement. In a study to measure the impacts of forest roadways on the hydrologic response
of subsurface flow in a steep forested landscape, Wemple and Jones (2003) found that many
roadway sections altered the timing and magnitude of the catchment hydrograph, particularly
during large storm events when flows were diverted more quickly to drains. The authors
concluded that their study approach may be a useful hydrologic tool when assessing removal
or restoration of roadway segments. Similarly, in a study to assess the hydrological
connectivity between NO3™ and P to streams, Outram et al. (2016) noted that in addition to
antecedent ground conditions, the amount and timing of rainfall events had a significant
influence on runoff and subsequent amounts of mobilised N and P fluxes. Removal of all or
sections of roadside berms to allow surface water drain to adjacent fields is also a simple and
effective roadway management option; however, care should be taken not to remove all of

the grassy edge as this may be required to maintain the structure and integrity of the road.

On-roadway surface diversions generally consist of physical barriers or structures to
intercept and direct surface water to designated outlets. One such barrier, termed a grade
break, comprises an elongated hump formed on the road to create a reverse gradient so that
the surface water is physically directed to a designated outlet. The spacing of grade breaks
depends on the slope of the roadway as well as the number of available outlets for the runoff,
however their effectiveness on roadways with a longitudinal slope of >10% is reduced
(DGVLR, 2019 (Grade Break), Fig 1). As an alternative to grade breaks, the use of mine
conveyor belts (DGVLR (Conveyor Belt Diversion), Fig 1 (2) embedded into the roadway at

an angle to divert longitudinal flow has also been trialled in the USA (Sheetz and Bloser,
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2009). While these belts are reported to be effective and flexible enough to allow vehicles to
pass there is a lack of information available on their impact on the movement of farm
animals. The use of open channel drains to intercept and redirect longitudinal flows along the
roadway surface has also been proposed as an effective way of catching runoff and has the
advantage that they are visible and can be easily cleared of solids as necessary. However,
consideration must be given to the location of these open channels as they pose a potential
risk for animals accidentally stepping into them and thus they may be a more viable option
for roads trafficked with machinery (Fig 3). Similar to the use of grade breaks, the depth and
spacing of these channels will depend on the amount of surface runoff they are required to
intercept (STT1, 2018; Fig 4); however, their overall success does not seem to have been
reported in the literature to date and a potential drawback of this type of measure is that the

channel sections might fill up with RR or other loose material and reduce their effectiveness.

The use of overflow structures such as swales, infiltration areas and buffer areas such
as scrape bunds (LEAF, 2010) to attenuate flows may be suitable in cases where the RR
volume is high. These overflows may be implemented by simply blocking or partially
blocking downstream flow and diverting it to these overflow structures. An example of the
use of a scrape bund to retain RR and diffuse pollutants from a sloping field on a farm in
Cambridgeshire, UK was found to be highly effective (LEAF, 2010) with the authors
suggesting that the captured water should drain from the retention area over a 24-hour period
in preparation for the next rainfall event. In an evaluation of constructed overflow areas to
attenuate diffuse pollution from forest drains, Liljaniemi et al. (2003) reported no significant
differences between concentrations of chemical oxygen demand, POs*, TP, TN, NH4*, NO2,
NOs, Fe and Al upstream and downstream of their overflow areas and suggested that wider

buffers with more extensive overland flow areas would be needed to control diffuse pollution.
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Amendments such as ferric chloride, poly-aluminium chloride, alum, lime and other
chemical amendments have been studied extensively in terms of their ability to coalesce and
trap nutrients, carbon and sediment in both surface and subsurface runoff after field
application (Brennan et al., 2011, O’Flynn et al., 2012; Murnane et al., 2015). Results have
proven the efficacy of these amendments to decrease both critical and incidental losses of P
and N in runoff. In addition, the build-up of metals in soil and plant material is not an issue
(Healy et al., 2018). However, in terms of manure management these amendments were not
perceived as cost effective for broad scale application. This viewpoint has now changed as in-
storage amendment is considered as a greenhouse gas and ammonia abatement measure
(Teagasc, 2019). The efficacy of using off-the-shelf chemical amendments during the storage
of slurry to prevent gaseous emissions has been investigated (Kavanagh et al., 2019). Smith
and McDowell (2016) showed that roadways amended with chemical flocculants minimised
P loads in runoff while alum amendment rates of 25 and 50 kg ha initially lowered DRP
losses for four events, over 60 days, following application. A similar approach has been

deployed in ditch networks through amendment of sediments (Penn et al., 2007).

2.3 Roadway re-routing

In cases where poaching and compaction of soil is a direct source of pollution at the
locations of field gates on roadways, it may be necessary to reroute the roadway and gate to a
location where soil disturbance is less likely (STT1, 2018) or allow for multiple access points
to decrease the level of traffic at any one location. In addition, it may be necessary to
incorporate a runoff trap or attenuation area to capture sediment and retain RR, particularly
where the soil has poor attenuation properties and therefore limited capacity for RR

purification and nutrient recycling (Schulte et al., 2014).
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2.4. Existing off-roadway management options

2.4.1 Adjacent fields

One of the most effective and obvious sources of treatment for RR are the adjacent
fields, which provide indirect diffuse pathways to watercourses. The field boundary closest to
roadways should be conducive to allowing RR to enter fields. Often slight berms can form
due to cow movement along the boundary between the roadway and the field (Fig 2). The
fate of RR entering a field is then dependent on the nature of the soil and drainage properties
in the field. A quantification of soil hydrological response to precipitation requires
knowledge of the rate at which water infiltrates vertically through the soil surface and into the
soil profile. The parameters with a direct effect on infiltration rate are antecedent soil
moisture, rainfall rate and soil physical properties. The thickness of the soil/subsoil and its
permeability (low, moderate or high) are important site specific factors to consider the ratio
of runoff to infiltration (Misstear et al., 2009). To calculate recharge volume a recharge
coefficient (30-90%) is multiplied by the total available water (Fitzsimons and Misstear,
2006). Therefore, heavier textured soils, with a shallow water table and a low recharge
coefficient will be more prone to ponding. In some soils, the infiltration rate of RR may be
impeded by a landscape feature e.g. man-made feature such as a wall. This results in a
localised and often temporary settlement pond, which may or may not need to be fenced off
and managed periodically to remove sediment. Such features have been recognised as having
a denitrification capacity as natural seepage features or as artificially created equivalents
(Chibuike et al., 2019). Where this feature needs to be drained, piping to a “dry closed drain”
may be an option. This assumes infiltration within the drain will attenuate nutrients without

connectivity to a watercourse (DAFM, 2019).
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Knowledge of recharge volumes is also important in terms of nutrient transport. For
example, in terms of P in a well-drained soil (with a high recharge coefficient), shallow
subsurface P concentrations typically mirror those of surface runoff where macropore
networks connect these flow pathways during the early stages of a rainfall event whereas
once saturation occurs matrix flow dominates. In heavier textured soils, matrix flow induces
slower transport conditions and concentrations of P are influenced by bulk soil P
concentrations in the deeper soil profile. These have lower concentrations of available soil P
compared to surface values that receive applications of organic or chemical fertilisers. In free
draining soils greater infiltration and less contact time can result in less desorption and
mobilisation by overland flow along the surface of fields. However, P loads and export rates
from fields are largely driven by the hydrological load (Kurz et al., 2005) and high rainfall
rates and initial moisture contents can produce large surface overland flow rates and volumes.
Infiltration rates across soil types are very important and should be incorporated into a multi-
criteria P risk assessment scheme. External factors may also change the recharge coefficient
such as the degree of compaction where increased soil bulk density means, by definition, a
reduction in porosity. A change in bulk density affects many properties and processes in the
soil including: water retention, saturated and unsaturated hydraulic conductivity as well as
chemical processes, plant growth and soil workability. Poorly timed agricultural practices
such as machinery traffic and high stocking rates in adverse conditions can result in the
formation of soil horizons of high bulk density and low porosity in soils which ordinarily

have good physical properties (Creamer and O’Sullivan, 2018).

Whilst soil physical quality influences the magnitude and direction of hydrological
pathways for nutrients, soil chemical processes interact with these pathways releasing
concentrations of P and N from the soil matrix. All soils can perform multiple functions of

primary productivity (food, fuel and fibre), carbon sequestration, habitat provision, recycling



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

nutrients, as well as water purification (Coyle et al., 2015). The supply of each function
highly depends on land use management and local soil properties including soil drainage
(Schulte et al., 2015). Water purification (the capacity of a soil to remove harmful

compounds) (Wall et al., 2018) is an important soil function where RR discharges to a field.

Physico-chemically adsorbed nutrients within the soil matrix can desorb into solution
and along with physical detachment of soil particles/sediment into flow paths, these can
contribute to the soluble and particulate losses of P from fields (Sandstrom et al., 2020). In
terms of N, Fenton et al. (2009) proposed a model where nitrate concentration and
denitrification rate were correlated with soil and subsoil permeability. Therefore, in terms of
water purification heavier textured soils offer more protection but some studies have shown
nitrate conversion to ammonium or gaseous phases in both mineral and organic soils
(Clagnan et al., 2019). In terms of P, fields with a high soil test P, or high amounts of legacy
P pose a greater risk of P loss into a connected hydrological pathway compared to fields that
are low or deficient in P (Kurz et al., 2005). Other factors that influence these processes are
largely those that describe the chemical composition of soil including soil acidity (i.e. pH),
organic matter content, clay mineralogy and presence of amorphous forms of Al, Fe and Ca
(Daly et al., 2015). These constituents can control the rates at which nutrients, specifically P,
can be solubilised and removed from the soil matrix into solution. For example, low pH soils
will retain nutrients in an insoluble form, whereas neutral soils will provide the right
conditions for P solubilisation and desorption processes to occur. Acidic soils typically have
high concentrations of soil Al, and if the Al:P ratio is high, these soils can fix P into insoluble
forms (Daly et al.,2015). Likewise, the presence of clay minerals and amorphous forms of Ca
in high concentrations can react with P to form Ca-P precipitates which remain largely

insoluble (McLaren et al., 2014; Daly et al., 2015; McLaughlin et al., 2011). Therefore, RR
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diverted into fields with a high propensity to fix P or generate insoluble P precipitate will be
advantageous to reducing diffuse P losses. Whilst most of the reactions with P in soil take
place on the surface of clay minerals without interference from other soil constituents,
organic matter (OM) if present in large amounts (>20% by loss on ignition) can occlude these
reaction (sorption/desorption) sites. This results in high concentrations of soluble P in soil
solution that cannot be physico-chemically adsorbed to the soil matrix (Daly et al., 2000;
Gonzalez et al., 2018; Gonzalez et al., 2019). Hydrological pathways that interact with high
OM soils are likely to have high concentrations of P in the soil solution and have a limited
ability to adsorb any additional P originating from RR. Therefore, diverted RR into fields
with high OM would exacerbate diffuse P losses from these fields, and are unlikely to
assimilate any P entering the field in RR. Physical detachment of soil particles into overland
flow contributes to the particulate P (PP) losses from agriculture, and diverted runoff onto
tillage fields or those with poor grass cover, could potentially increase the risk of PP losses to

water bodies (Roberts et al., 2017).

2.4.2 Drainage ditch

As an alternative to, or in conjunction with fields, RR can also be diverted to a
discharge point connected to a drainage ditch. However, it is important to note that RR
should never be discharged directly into first or second order small streams. First or second
order small streams, which are typically defined by a channel width of < 3 m and may arise
from rainfall events or from seepage through soils, subsoils, aquifers and springs or lake
outlets (Biggs et al., 2017), may be perennial or temporary and positioned within the
headwater of a river extending a short distance, typically only a few kilometres, from the

source.
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Early work on drainage ditches showed that these networks had potential in terms of
sediment, nutrient and E. coli retention (Nguyen et al., 2002; Nguyen and Sukias, 2002).
Dollinger et al. (2015) reviewed design and maintenance of ditches to optimise the mitigation
potential of these often extensive networks. The following overarching points are important
when considering ditch networks as a convenient place to discharge RR. Firstly, ditch
networks are not homogeneous. The individual ditch sections or ‘reaches’ that make up a
ditch network can be defined according to their landscape position and chemistry. Using this
approach Moloney et al. (2020) categorised five ditch types: farmyard connection, outlet, out-
flow, secondary and disconnected. Furthermore, ditch categories are ranked according to their
efficiency as connections between agricultural sources of P (both point and diffuse) and
nearby surface waters. Implementing the right measure in the right place at the right time is
key to water quality improvement and a ditch classification system like that of Moloney et al.
(2020) could be useful in informing decisions regarding the selection and implementation of
in-ditch mitigation measures on farms. For example, the mitigation potential of a particular
measure placed in an outlet ditch that connects a large area of land to a stream compared to
the same measure placed in a disconnected ditch is likely to differ significantly in favour of
the former.

Ditch maintenance, typically dredging or deepening to maximise flow to the outlet,
can have both positive and negative effects on nutrient attenuation. For example, over
engineered ditch networks (e.g. Shore et al., 2015a) with low slopes had potential to retain
fine sediment and ditches with exposed sediment and subsoil could in some cases immobilise
nutrients in drainage waters (Shore et al., 2015b). Ezzati et al. (2020) found that P inputs can
impact the source-sink P dynamics of sediment along an agricultural ditch network and
therefore attenuation should not be assumed and where it occurs, can change over time.

Provision of additional storage can dampen peak flows and mitigate flooding as well as
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diluting nutrient concentrations. In-ditch vegetation at the discharge point could take up
nutrients diverted from RR. However, this attenuation capacity is not uniform across nutrient
species e.g. in vegetated versus non-vegetated ditches of similar size and landform. Moore et
al. (2010) found no significant difference in NH4, nitrate, or dissolved inorganic P mitigation
but reported significant differences in total inorganic P loads. Other studies have found
similar or contrasting results (Smith and Papas, 2007; Kroger et al., 2007; 2008).

Water retention features can be used to slow down water flow, thereby increasing the
residence time to give further opportunities for runoff retention and biogeochemical N
transformation to occur. Kroger et al. (2012) looked at the installation of low-grade weirs
along ditch networks in the U.S. and measured the associated N load. Attenuation of NOs
loads was reduced in ditches with (79%=7.5) and without (73%=9) weir installation (Kroger
et al. 2012) or even as high as 92% in a six-year study in Italy (Tolomio and Borin 2018).
Some of the most commonly used engineered measures are constructed wetlands (Blackwell
et al., 2002; Kadlec, 2012), buffers (Braskerud, 2002; Fogg et al., 2005), controlled drainage
and in-ditch techniques (Strock et al., 2010; Woli et al., 2010; Puckett, 2014). Ditches
provide an ideal location for an engineered structure to mitigate nutrients in drainage waters
such as ditch filters or in-ditch cartridges. There are of course many methods to trap sediment
in ditches (Fig 5) or in fields (Fig 6), permanent options which need maintenance or
temporary that need replacement e.g. silt curtain). There are also options to build in extra
capacity (e.g. over engineer the ditch to a trapezoidal shape before allowing it become
vegetated) and slow down water (e.g. control weirs), but herein systems used for treatment of
nutrients in drainage waters are reviewed. In-ditch structures filled with filtration materials
and the use of different adsorbents (Ezzati et al., 2019) have gained popularity as a cost-
effective, easy to install and low-maintenance technology (Delgado and Berry, 2008;

Bhatnagar and Sillanpaa, 2010; Bibi et al., 2015). To date, the performance of in-ditch
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structures has mainly been evaluated in terms of the ability to treat a single contaminant,
predominantly NOsz™ (Addy et al., 2016; Christianson and Schipper, 2016) and dissolved
reactive P (Penn et al., 2007). Recent studies have examined combining individual nutrient
removal technologies (Goodwin et al., 2015; Ahnen et al., 2016; Gottschal et al., 2016) to
treat both N and P (Ibrahim et al., 2015; Christianson et al., 2017). Although the present
review focuses on nutrients in RR, ditches as a receptor of runoff can treat these nutrients and

sediment either through natural or enhanced attenuation.

Engineered options target discharging ditch nutrients directly using reactive filters to
remove a percentage of the nutrient load. For P treatment the filter contains P sorbing
material (PSM), which can then be extracted once it becomes saturated (Penn and Bowen
2017). Saturation of the material will depend on the characteristics of the material (Ezzati et
al. 2019). Fig.7. shows an example of an in-ditch structure used to remove a target DRP load
in the USA. The installation of the pipes within in-ditch structures provides a gradient for
water to flow through the media allowing removal rates of approximately 30%. Ideal site
conditions for in-ditch systems should allow water to be channelled through a structure, at a
gradient to an outlet, with upstream DRP concentrations in the region of 0.2-0.3 mg L (Penn
and Bowen 2017) to enable good removal targets to be reached. Therefore, the highest
concentrations of DRP should be targeted along a ditch which is likely to occur down
gradient from the roadway discharge point. Seasonal filtered grab samples can be taken along
a ditch to establish the DRP concentrations. If these are not available, estimates may be
established from relationships between water extractible phosphorus and soil test P in
adjoining fields. Denitrifying bioreactors are engineered structures filled with carbon sourced
materials such as woodchip, straw, corn cob or compost and have been effectively used to

convert NOs™ into di-nitrogen gas within ditch systems (Fig. 8). Research in this area has now
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moved to treat both sediments and nutrients (N & P) simultaneously in such systems without
pollution swapping (Fenton et al., 2016).

Insert Fig 7
Insert Fig 8.

3.1 New options needing pilot scale testing

It is important that new farm roadway containment/mitigation measures are explored
and assessed with a view to their use as a viable and effective option for farmers. Such
measures should be suitable for retrofitting to existing roadways or installation in a new farm
roadway system. It is envisaged that such a level of intervention would only be required for a
small proportion of circumstances where simpler interventions are not possible due to site
specific limitations (roadway configuration relative to water courses, soil type, topography,
etc.). In this section two possibilities are presented. The first is a containment measure in the
form of a sedimentation tank. The overriding principle for this option is that the RR would be
routed through an underground two-compartment tank similar to a conventional passive
septic tank system. The first compartment would operate as a sedimentation chamber while
the second compartment would contain the supernatant liquid which would discharge via a
high level outlet pipe or opening (Fig 9). For this option the roadway could be constructed
with either a single or double cross sectional camber to route the flow into trapezoidal
channels running along its length. ‘Grade breaks’ may be incorporated at intervals along the
roadway, for example for longitudinal gradients > 5-10%, to prevent stream flow which may
result in channelling and erosion along the length of the roadway. A local depression at the
outlet with a concrete apron finish to the surface might be included in the design. The outlet
channel should be constructed to divert RR to the sedimentation tank and could also facilitate

an ‘overflow’ to the field, which would act as a visual indicator for the tank to be emptied. To
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facilitate ease of emptying and slurry transport for spreading on suitable local land the tank
would be located parallel to the roadway. The size of the sedimentation tank would depend
on the length of roadway it serves and on the extent of anticipated pollutant load, which
would vary depending on proximity to farm yards or holding areas for cattle, location of
drinking troughs, junctions and field gates etc. (Oudshoorn et al., 2008, White et al., 2001).
The separated liquid outflow from the sedimentation tank might be discharged to the adjacent
field or dry ditch with sufficient nutrient attenuation capacity or alternatively to a swale
downstream of the tank. While there might be an initial outlay associated with this type of
system, one of the many perceived advantages is its low maintenance and capacity to contain

valuable slurry solids in a fixed chamber of the tank which can be easily emptied as required.

The second alternative containment measure could be described as a bioretention area
(Fig 10). This management option is similar to that of a sedimentation tank except that the
tank is replaced with swales or bermed holding areas to attenuate the outflow and facilitate
sedimentation. Whilst potentially relatively cheap to install, this system would require a
larger land area and may require higher maintenance than the sedimentation tank system due
to build-up of sediment over time. It may also not be as easy to clean out using vacuum slurry
tankers. Additionally, the retention areas may lead to nutrient leaching through subsoil into
groundwater (Murnane et al., 2018) unless impermeable barriers are incorporated into the
design. On the other hand, the retention areas would act in an environmentally sustainable
way, enhancing quality and promoting biodiversity similar to integrated constructed wetlands

(Woods Ballard et al., 2015).

4.0 Discussion

4.1 Local costs and considerations
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Any attempt at RR management must be considered as a long term management
objective which will necessitate a heightened level of total farm enterprise management
(USA ARS 2006). There are many diverse RR management options available which give
land owners flexibility. All management options involve costs and this is one of the many
complex considerations, which influences land owners’ willingness to adopt best
management practices (BMPs) or voluntary measures (Bragina et al., 2019). Liu et al. (2018)
created a conceptual framework for BMP adoption decisions which highlights scale, the
tailoring or targeting of information and incentives and expected farm profits as being
important factors. Therefore, fair and equitable financial incentive schemes could be an

option to manage such an important pollutant loss pathway effectively.

In the present work RR management options were divided into on- and off-roadway
management options. The associated costs of such options will of course vary considerably
due to a host of variables (e.g. materials used, cost of labour, method of construction etc.).
Indeed, the level of after care and maintenance of conservation practices will also vary and
may be a deterrent to adoption (Welch et al., 2001; Tosakana et al., 2010). There have been
many projects and databases developed with BMPs to minimise nutrient loss to waterways
e.g. COST 869 Mitigation options for nutrient reduction in surface water and groundwater,
SERAL7 (Innovative Solutions to Minimise Phosphorus From Agriculture) or Goeller et al.
(2020). These examine options which in some cases deal with runoff on an agricultural
landscape, but are not directly related to RR.

Insert Table 1.

The European Union Water Framework Directive (EU WFD, 2000/60/EC) requires

all Member States to protect and improve water quality in all waters. Member States must

prevent the deterioration of waters and all waters must achieve at least good status. Taking
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Ireland as a case study, recent Irish Environmental Protection Agency (EPA) figures (2013-
2018) reported 52.8% of surface water bodies in satisfactory ecological health; being in either
‘Good’ or ‘High’ ecological status. The remaining 47.2% of surface water bodies are in
‘Moderate’, ‘Poor’ or ‘Bad’ ecological status. This compares with 55.4% at satisfactory
status for the last assessment period of 2010-2015, a decrease of 2.6% (EPA, 2019). The
Nitrates Directive (ND) sets out a programme of measures relating to agriculture under the
EU WFD. The ND aims to prevent pollution of waters from N and P arising from agricultural
sources by ensuring good agricultural practices. Member States are required to implement a
Nitrates Action Plan (NAP) and this is reviewed every 4 years. In Ireland, treatment of RR
before discharge to a stream may require a licence under the Water Pollution Act (Local
Government Water Pollution Act 1977). An example here is that discharges to a surface
water body from integrated constructed wetlands which treat dairy soiled water on Irish farms
already require a discharge licence. In Ireland, the onus is on the licence holder to
demonstrate that the discharge to a surface water body is not causing water pollution. This
would necessitate water testing at an accredited laboratory with an added level of cost and
inspection that some landowners may not want. Interestingly, in Ireland new water protection
measures within the NAP regulations include prevention of direct runoff from farm roadways
to waters (S.I. No. 605 of 2017). It should be noted that the definition for “waters” used
in the regulations is defined as a) any (or any part of any) river, stream, lake, canal,
reservoir, aquifer, pond, watercourse, or other inland waters, whether natural or
artificial, b) any tidal waters, and c) where the context permits, any beach, river bank
and salt marsh or other area which is contiguous to anything mentioned in paragraph
(a) or (b), and the channel or bed of anything mentioned in paragraph (a) which is for
the time being dry, but does not include a sewer. This policy instrument is effective from

15t January 2021. Therefore, in terms of the present review, options for RR may or may
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not be applicable due to regulations. Table 1 contains all the mitigation measures
applicable for RR but in an Irish context none of the measures that promote
connectivity with waters are applicable. These may be relevant in the future where such
regulations change.

This policy instrument is effective from 1%t January 2021 and the most likely and
immediate measures that will be most impactful are those that will break the connection
between the source/pathway and the receptor (stream). The initial step in this process is
to establish the pollution risk to surface waters from RR and this must be done in a
methodical way, perhaps using a risk assessment tool that ranks a wide variety of
parameters, such as farm road type, usage and characteristics, surface water proximity,
soil type and its assimilative capacity, as well as the nature and frequency of
precipitation. In that context a targeted approach is suggested and a hierarchical suite
of potential RR management options could be considered. In Ireland, it is likely that the
most widely applicable of these management options without incurring excessive costs
will be use of adjacent fields to attenuate flows and assimilate nutrients such as N and P,
SS, E-coli and emerging contaminants. Thus creation of a buffer zone (typically > 1.5 m)
between surface waters and farm roadways in combination with re-cambering the
roadway so that runoff will be directed away from the stream are two basic measures
that should contribute to this objective. In order for this to remain effective however it
is important that the buffer zone is maintained for its purpose by stock proof fencing.
Other relatively straightforward measures that would be beneficial are the removal of
obstructions to animal movement along the farm roadway (e.g. sharp bends, drinking
troughs, inadequate width and inappropriately located gateways) in order to reduce the
time spend by animals travelling the road and hence the source pollution load.

Additional to these measures, incorporation of grade breaks along steep lengths of the
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roadways may also enhance protection by directing flow to diffuse sections of adjacent
fields thereby mobilising a greater natural treatment area (i.e. soil) than would be the
case if all the RR were discharged at a single location off the farm roadway. There may
be cases however where all of these relatively straightforward measures may not be
feasible, for example in situations where the capacity of the soil is insufficient for either
flow or load attenuation, or the measures are simply insufficient to achieve the required
outcome (i.e. reduce the source pollution load and break the connectivity). In such cases,
depending on the situation, more complex and expensive management options may be
required, ranging from on-roadway measures such as buffer zones, earth bunding,
overflow structures and application of chemical amendments to off-roadway measures
such as in-ditch treatments or engineered attenuation measures (Table 1), while in
extreme cases roadway relocation may be required. In practical terms however, it is
likely that low maintenance and visible measures will be initially favoured by both
farmers and the regulation authorities in Ireland. It is important to recognise however
that each site is unique and therefore generalisation of RR management options to all
farms would be a misguided approach where a strategy of “right place, right

management option” should instead be followed.

4.2 Future research needs

Although acknowledged as a pollutant source there is a surprisingly little literature with
respect to testing and costing of on- or off- roadway management options. There are
examples which can be inferred from other land uses such as forested areas around the world
(e.g. Grayson et al., 1993; Laurance et al., 2009; Lane and Sheridan 2002; Hill and Pickering

2009).
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Future research in Ireland should focus on field work and high resolution data
collection. Pilot scale setups could intercept RR on a flow weighted basis thereby providing
spatial and temporal characterisation data. As farms vary considerably due to geographic
location (soil type and rainfall distribution), stocking rate and infrastructure, datasets should
be built that can compare and contrast systems. For example, in a dairy management system
decisions may be quite different into the future as many transition to an automated system or
change the traditional routines i.e. once-twice-thrice a day milking. Such dairy systems would
all have different knock on effects regards animal access to roadways, time spent on the
roadway network, volume of traffic and associated defecation. A robotic milking approach
enables a “semi-forced” or “free cow traffic” system which has implications for farm
roadway defecation. Furthermore, for many reasons, livestock farming systems are
continuously changing in terms of intensity and expansion/contraction of animal numbers.

There is also a need to consider RR in the context of a changing climate. Wetting and
drying patterns on farms are changing and this affects a soils’ capacity to store, transit and
attenuate pollutants. Such changes will also have an effect on the spatial and temporal
mobilisation and connectivity of RR. In times of flooding and drought, farm roadways may
be negatively affected in terms of quality and on/off management options designed for
normal conditions are likely to suffer functional failure when encountering extremes (e.g 1 in
100 year events or higher). Development of a farm roadway classification system which can
be used to divide farm roadway networks into prescribed sections with an associated risk in
terms of nutrient, sediment and E. coli losses in RR is needed. As an added layer a visual tool
to describe the quality of individual roadway sections should also be developed as this could
be used as a parsimonious tool for land owners or advisors to quickly identify roadway
sections in need of intervention. These sections could then be matched with management

options proposed herein. As lameness in cows is a significant animal welfare concern,
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research on hoof health with an emphasis on the role of farm roadways both in terms of

runoff and surface quality is important.

5. Conclusions

Farm RR can contain nutrients, sediment and pathogens akin to dairy soiled water.
Farm roadways in close proximity to farmyards have the highest concentration of pollutants.
Such sources are temporarily mobilised and transported as runoff during rainfall events and
may discharge to fields, into drainage ditches or onto public roadways or watercourses.
Options to prevent direct or indirect runoff to waters may include installation of on- or off-
roadway options. For example, diversion structures at regular intervals along steep roadway
sections can discharge runoff to a field or a drainage ditch where its contents can be naturally
or artificially retained, rerouted and in some cases be treated. As every site is unique a
strategy of “right place, right management option” should be followed. Such a management
option must follow local regulatory frameworks. This is especially important in Ireland
where all the available options to manage roadway runoff are not allowed under present
regulations. Future work should concentrate on impacts of climate change, varied farming
systems and intensity, classification of roadway networks, alternative management option
development and providing a roadway risk assessment tool to enable landowners and

advisors to identify points of connectivity where roadway runoff enters waters.
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Captions for Figures

Fig.1. Schematic illustration of surface flow before and after installation of grade breaks
(adapted from DGVLR, 2019 — Grade Break);

Fig 2. Conveyor belt diversion (Credit: DGVLR, 2019 — Conveyor Belt Diversion)
Fig 3.0Open channel flow diversion on upgraded roadway (Credit: STT1, 2018)

Fig 4. Deep open channel flow diversion in N .Ireland. Open channel flow which is suitable
in a scenario where machinery and not animals are trafficking a roadway section (25 cm
deep, 10 cm wide) (Hillsborough farm, Northern Ireland Credit: Owen Fenton)

Fig.5. In ditch silt/sediment traps installed in freshly cleaned drains designed to drop
sediment, carbon and some particulate nutrients from suspension (Example here is from
Kilberrihert LIFEO9 NAT/IE/000220 BLACKWATER SAMOK, Ireland). These also act as
retention structures and slow the flow in the ditch system. Sediment can be removed in a
removal bag or tray (Credit: Fran lgoe).

Fig 6. LEAF, UK examples of in-ditch retention structures to slow flow and reduce
downstream sediment and nutrient loads (Credit: Paul Quinn, Newcastle).

Fig.7. A small drainage ditch filter developed at University Park, PA, USA. Left: Finished
structure. Right: Steel slag infill to trap DRP (Credit: Gary Feyereisen, USDA).


http://www.hrwallingford.com.cn/pdfs/news/CIRIA%20report%20C753%20The%20SuDS%20Manual-v2.pdf
http://www.hrwallingford.com.cn/pdfs/news/CIRIA%20report%20C753%20The%20SuDS%20Manual-v2.pdf

1183
1184
1185

1186
1187

1188

1189

1190
1191
1192
1193
1194
1195

Fig 8. Left: In-ditch bioreactor in Livingston County, lIllinois, USA; looking up-stream
during construction. Right: In-ditch bioreactor in Maryland, USA; looking upstream (Credit:
Laura Christianson, UIUC).

Fig.9. Schematic layout of sedimentation tank system as a possible road runoff containment
measure.

Fig.10. Schematic layout of bioretention area as a possible road runoff management measure.

Captions for Tables

Table 1. Explores each of the options mentioned in this review and documents the costs that
appear in the related publication and potential positive and negative aspects to consider. It
should be noted that as with all cases site conditions will dictate final costs and effectiveness.



