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Abstract
Farmyards are commonly conceptualized as point sources of nutrient pollution nested

within the wider agricultural landscape. However, within farmyards there are indi-

vidual sources and delivery pathways, each of which is affected by a range of man-

agement practices and infrastructure. Rainfall mobilizes these nutrients, which may

then be delivered to a receptor or to the wider drainage network. As such, the nutrient

transfer continuum (NTC), which has been established as a framework to understand

and mitigate nutrient loss at a landscape scale, can be similarly applied to disentangle

the stages of nutrient transfer from farmyards. The NTC differentiates nutrient trans-

fer into source, mobilization, delivery, and impact stages. This differentiation allows

targeting of mitigation measures and evaluation of costs and benefits. This review

paper applies the NTC template to farmyard nitrogen and phosphorus transport to

conceptualize causative factors and to identify mitigation options.

1 INTRODUCTION

Farmyards are commonly conceptualized as point sources
of pollution nested within the wider agricultural landscape
that deliver contaminants to waterbodies at clearly identifi-
able locations. However, within a farmyard there are multiple
different contaminant sources (e.g., nutrients, organic matter,
pharmaceuticals, etc.) and delivery pathways, each of which
are affected by various management practices and infrastruc-
ture. Farmyard structure, use, and management varies across
farm system types and geographical areas, and the importance
of farmyards as a hub of farm activities varies across time
and place. Within the United Kingdom and Ireland, pasture-
based livestock farms typically include outdoor farmyards
consisting of livestock housing, handling facilities (such as

Abbreviations: BOD, biochemical oxygen demand; DOC, dissolved
organic carbon; FYM, farmyard manure; ICW, integrated constructed
wetland; NTC, nutrient transfer continuum.
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dairy parlors and holding and drafting pens), waste storage
for manures and effluents, equipment sheds and workshops,
and feed stores including silage pits or bale stores (Aitken
et al., 2003). Farmyards typically include an impervious hard-
standing. This is the platform for many activities, including
holding and handling of livestock, movement of feed and bed-
ding, storage of vehicles and equipment, among other inci-
dental activities. Although there is a shift toward increased
housing of livestock, particularly toward “zero-grazing” sys-
tems (van den Pol-van Dassalaar et al., 2020), livestock and
dairy production systems in Ireland and the United King-
dom are still largely outdoor, with pasture-based systems
representing 98 and 92% of Irish and British dairy farms,
respectively (Crump et al., 2019). Housing of livestock in
these systems is largely restricted to the winter period, dur-
ing which weather conditions are harsh or during which soil
is vulnerable to compaction and poaching. Within these sys-
tems, farmyards remain a primary hub for farm activities, and
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failure to manage them correctly can detrimentally affect air
and water (Misselbrook et al., 2001; Vero et al 2019). Under
the EU Nitrates Directive (European Commission, 1991),
member states are required to, among other things, ensure that
“the capacity and construction of storage vessels” for live-
stock manures, effluents, and silage are sufficient and that
runoff and seepage is prevented. The precise specifications
of storage facilities and buildings and the measures by which
the farmyard and nutrient sources are to be maintained vary
between nations. For example, in Ireland, farmyards are reg-
ulated under the Code of Good Agricultural Practice (S.I.
605; Office of the Attorney General, 2017), with the equiv-
alent legislation in Northern Ireland (U.K.) being the Code
of Good Agricultural Practice for the Prevention of Pollution
of Water, Soil and Air (Department of Environment, Food &
Rural Affairs, 2009).

Several farm- and catchment-scale longitudinal surveys of
nutrient concentrations across river and drainage networks
have detected elevated phosphorus (P) and nitrogen (N) in
both water and bed sediment in watercourses and artificial
drains that receive farmyard discharges (Harrison et al., 2019;
Moloney et al., 2019; Vero et al., 2019; Withers & Hodgkin-
son, 2009). Edwards and Hooda (2009) measured P and N
concentrations up- and downstream from a mixed-enterprise
farmyard (dairy and sheep production, 200 m2) with two dis-
crete point discharges into the watercourse. Significant tem-
poral variabilities were observed in the discharges from each
source, reflecting seasonal patterns and daily variation, where
one source reflected periodic contributions from dairy wash-
ings. Losses from yards typically become more impactful dur-
ing summer months when diffuse losses are suppressed; the
relative contribution of farmyards to total nutrient loads has
been observed to fluctuate from 5% during high-discharge
periods to 90% during low-discharge periods (Tunney et al.,
2000). Edwards et al. (2008) observed differences in impervi-
ous, or hardstanding runoff concentrations to vary by up to
four orders of magnitude across four monitored farmyards.
Dunne et al. (2005) reported that effluent volumes from a
42-head dairy farm varied from 3.6 to 18.5 m3 d–1, whereas
annual nutrient exports for soluble reactive P and ammonium
were 47 ± 10 and 128 ± 35 kg yr–1, respectively. In a similar
study, Forbes et al. (2011) found that for a 170-head dairy herd
average discharge from the farmyard was 49 m3 d–1, with total
P concentrations of the effluent ranging from 24 to 132 mg L–1

and ammonium concentrations ranging from 3.3 to 15.7 mg
L−1. Mustafa et al. (2009) observed SRP concentrations of
11.5 ± 10.1 mg L–1, 39.6 ± 41.7 mg L–1 ammonia-N, and
3.8 ± 3.4 mg L–1 nitrate-N in effluent for a 0.5-ha farmyard
for a 77-head dairy herd.

These studies highlight the significant contribution that
farmyards can make to agricultural nutrient loads to waterbod-
ies. Typically, point sources such as septic tanks are relatively
simple, consisting of a single nutrient source or input and a

Core Ideas
∙ The nutrient transfer continuum framework is

applied to farmyard N and P losses.
∙ Nutrient sources include urine, faeces, silage efflu-

ent, and parlor washings.
∙ Mobilization is controlled by the timing and mag-

nitude of rainfall.
∙ Delivery is controlled by connectivity of the farm-

yard with the drainage network.
∙ Mitigation measures include management and

infrastructure.

distinct discharge point. These can be accounted for in nutri-
ent and hydrological models using easily inferred or default
values. Conversely, within each individual farmyard there are
distinct nutrient sources, mobilization and transport factors,
and variable temporal and quantitative factors of delivery
depending on the timing of farmyard activities and weather. It
would be more appropriate to conceptualize farmyards as sub-
systems nested within the wider agricultural system. Magette
et al. (2007) acknowledged farmyard conditions as one con-
trolling factor on P export within their catchment-scale risk
index. In that system, expert opinion was used to assign risk
to certain source factors (slurry, manure, and effluent storage
factors), proportion of soiled hardstanding, and some manage-
ment factors corresponding to mobilization/transport stages.
Although that study presented a practical decision support
tool for identifying risky areas and practices, it did not rep-
resent a “deterministic description of P movement in the ter-
restrial environment” (Hughes et al., 2005). Although farm-
yards have been included in a number of review papers (e.g.,
Hooda, Edwards, et al., 2000; Schoumans et al., 2014), none
of those have disaggregated individual sources, pathways, and
the risks associated with management practices within farm-
yards. The aim of this paper is to provide a review of nutrient
loss from farmyard in the context of the nutrient transfer con-
tinuum (NTC), which was originally presented by Haygarth
et al. (2005) in the context of the diffuse source. It is acknowl-
edged that other contaminants originate within the farmyards,
such as veterinary medicines (Sinclair et al., 2007), hormones
(Cai et al., 2013), fecal indicator organisms (Aitken, 2003),
disinfectants (Brewer et al., 1999), and effluents having high
biochemical oxygen demand (BOD) (Cumby et al., 1999;
Novotney, 1999), but these contaminants are not addressed in
this paper.

2 APPLYING THE NUTRIENT
TRANSFER CONTINUUM FRAMEWORK

The NTC presents a four-stage conceptual framework describ-
ing the transport of P to watercourses (Haygarth et al., 2005).
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F I G U R E 1 Conceptual illustration of the nutrient transport continuum framework adapted from Haygarth et al. (2005) as applied to the
farmyard

This conceptual framework can be used to disaggregate the
overall phases contributing to nutrient loss, allowing identi-
fication of key contributing factors, and targeting of mitiga-
tion measures (Wall et al., 2011). Previously this conceptual
model has been applied to non-point source P losses at the
landscape or catchment scale (Haygarth et al., 2005; Murphy
et al., 2015; Wall et al., 2011). The present paper applies this
framework to farmyard nutrient transfer by considering the
farmyard as a subsystem positioned within the wider land-
scape. Delivery of nutrients from farmyards to watercourses
may still occur at specific, identifiable points, but internally,
source, mobilization, and transport factors can be differenti-
ated. The impact phase occurs only in the watercourse itself
and, as with any application of the NTC, may be distant
from the start of the continuum (Holden et al., 2017). The
NTC phases within the context of farmyards are illustrated in
Figure 1. Briefly, sources refer to inputs of nutrients to the
system. Mobilization is the initiation of transfer, during which
nutrients are physically detached or solubilized from their ini-
tial position. Delivery refers to the routing of entrained nutri-
ents from their source to the receptor. Finally, impacts are the
changes observed in the receptor as a consequence of nutrient
addition.

2.1 Sources

2.1.1 Urine and feces

Livestock waste produced from housed animals is frequently
stored in the farmyard until applied as a fertilizer when ground
conditions are suitable and the probability of rainfall is low.
Under the Nitrates Directive (European Commission, 1991),

application of livestock waste is prohibited during winter
months when plant utilization of nutrients is low, risk of
erosion is high, and runoff is likely. Livestock waste may take
the form of slurry (semi-liquid feces and urine stored in sub-
surface tanks, aboveground lagoons, or upright silos) or solid
farmyard manure (FYM) stored in bunkers. Farmyard manure
includes both urine and feces and bedding material. The most
recent Irish survey indicated that 81% of manure is stored as
slurry and 19% as FYM (Buckley et al., 2020). Correct storage
of urine and feces is required to ensure they do not become
sources of nutrient loss from the farmyard. Insufficient stor-
age capacity can elevate risks of losses from the yard. In the
United Kingdom and Ireland, storage capacity requirements
are specified per head of livestock and with respect to geo-
graphic region, with those areas experiencing greater annual
rainfall having greater storage requirements (Schulte et al.,
2006). Although surplus storage capacity is mandated, during
wet years the farmer may still be forced to house livestock for
more prolonged periods. The pressure that this exerts on stor-
age capacity is exacerbated where rainfall is allowed to ingress
to storage tanks rather than being diverted from clean surfaces
away from the yard. A study in Scottish catchments indicated
a 44% increase in the volume of slurry to be land spread as a
result of water intrusion (Aitken, 2003). Furthermore, >50%
of farms in that study were found to have insufficient storage
capacity across various storage types. This can result in acci-
dental overflow of tanks, causing a large release of nutrients
and potentially leading to serious pollution issues, including
fish kills. Lennox et al. (1998) reported that between 11.7
and 41.3% of agricultural pollution incidents between 1987
and 1995 in Northern Ireland resulted from overflowing
tanks (including livestock slurry, soiled water, silage effluent,
and yard runoff). The acute effects of spills reflect the
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T A B L E 1 Silage effluent characteristics from the literature

Nutrient
concentrations

Source Dry matter of ensiled grass Avg. effluent vol. P N
Silage pit

Arnold et al., 2000 72–563a

Haigh, 1998 16–17% 109–132 L t–1

Jones & Jones, 1995 17–22% 290–180 L t–1

Dunlea & Dodds, 1988 14.1b 43.3c

Laboratory silo

Keady & O’Kiely, 1998 first cut 16.6% 80 L t–1

second cut 17.7% 45 L t–1

Baled

Jones & Jones, 1995 one layer 24 L t–1

two layers 41 L t–1

three layers 45 L t–1

aμg ml−1 orthophosphate. bg kg−1 total P. cg kg−1 total N.

high BOD of these effluents, which results in rapid oxygen
depletion.

Farmyard manure can be stored in concrete bunkers in a
farmyard or in field heaps. If stored in bunkers, the efflu-
ent generated should be treated as slurry and collected for
later land spreading. Although this can further increase the
pressure on slurry storage capacity, direct losses from badly
constructed or damaged bunkers can also contribute to nutri-
ent export from yards. A study of FYM stored in field heaps
observed about 2.5% of total P in FYM lost in effluent (Som-
mer, 2001). Storage in field heaps as opposed to in farmyard
bunkers allows infiltration of leachate into subsoil rather than
more direct transfer to watercourses via runoff (Doody et al.,
2013; MAFF, 2000).

Direct deposition of urine and feces onto hardstanding
occurs when cattle are moving through farmyards or waiting
for milking, dosing, loading, and other handling operations.
The volume of deposition depends upon the length of time
the animal remains on the hardstanding. Likelihood of uri-
nation/defecation in the yard area corresponds to length of
time spent in the area (Stefanowska et al., 1999; White et al.,
2001). Consequently, prolonged milking duration, which can
result from insufficient parlor facilities or labor, promotes
both longer congregation in the yard and increased deposition
of feces and urine.

2.1.2 Silage effluent

During the ensiling process, soluble carbohydrates within the
harvested crop are fermented anaerobically. This lowers pH
(target of 3.8–4.2 pH) and thereby inhibits microbial growth
and preserves the crop. Effluent is produced as a by-product
of ensiling as the cell walls of the crop break down and release

their contents, particularly when initial moisture content is
high (Gebrehanna et al., 2014). Although a relatively low
overall volume of silage effluent is generated, it contains sig-
nificant concentrations of P and N (Table 1). Most effluent
generation occurs within the initial 21 d post-ensiling. Vol-
ume of effluent is related to the grass dry matter at the time of
ensiling, with minimal effluent produced at >25% dry matter
(Dunlea & Dodds, 1988). Overall volumes can be increased by
rainfall where pits are not adequately covered. Nutrient con-
tents of silage effluent vary greatly due to factors including the
diversity of silage production techniques, grass varieties, and
environmental conditions and is summarized in Gebrehanna
et al. (2014). Even after generation of effluent has ceased,
losses can still occur if it is flushed from the pit or bales
by rainfall or due to leaky silo, tanks, and pipes. By law, in
many countries silage effluent from pits must be collected
using gutters, and baled silage may not be opened adjacent
to watercourses. Between 1987 and 1995, silage effluent was
responsible for 8.4% of fish kills in Northern Ireland, sec-
ond only to poultry waste (Lennox et al., 1998), where leak-
ing silos, leaking tanks, and broken pipes accounted for 27.7,
15.9, and 4.2%, respectively, of recorded pollution incidences
in Northern Ireland (Lennox et al., 1998), while lack of facil-
ities or overflow of available facilities were responsible for 7
and 23.7%, respectively. Nutrient concentrations from silage
effluents reported in the literature are presented in Table 1.
From an ecological perspective, silage effluent is particularly
impactful due to its high BOD (Friberg et al., 2010), which
results from high amounts of readily oxidized organic matter
(Dunlea et al., 1989). Values of BOD reported in the litera-
ture range widely, reflecting the success of ensiling and vari-
ability in ensiled herbages; Gebrehanna et al. (2014) reported
33,800–72,000 mg L–1 BOD for grass silages. These values
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exceed those observed for other farmyard wastes, including
dairy washings.

2.1.3 Soiled wastewater

The definition of what constitutes soiled water, also com-
monly referred to as “dirty water” (Brewer et al., 1999), varies
between political jurisdictions. Soiled water is defined under
Irish regulations as runoff water coming from impervious
areas, having a BOD <2,500 mg L−1 and dry matter <1%,
and being stored separately from slurry (DAFM, 2019). In the
United Kingdom, it is defined as having BOD<2,000 mg L−1,
dry matter <1%, and total N of <0.3 kg m−3 (DEFRA, 2009).
Brewer et al. (1999) described the composition of soiled
water as originating from bulk tank rooms (dairy farms),
parlor washings (dairy farms), cattle holding areas adjacent
to the parlor (dairy farms), soiled outdoor yards, and silage
pits. The contribution of each of these sources to the over-
all loading of the farmyard varies; however, soiled hardstand-
ings were a common feature in almost all surveyed farms
(Brewer et al., 1999). Fouling of this area to some degree
is inevitable. As such, soiled water reflects nutrient contribu-
tions from a variety of individual sources within the farmyard
itself. Regarding fouling by livestock, there is a significant
correlation (R2 = .99) between the proportion of time spent
on the hardstanding with the number of livestock defecation
events (White et al., 2001). The volume of soiled water pro-
duced on farms varies enormously and does not directly cor-
relate with the size of the herd, but other factors including
annual rainfall, area of the farmyard, and its layout may also
contribute (Brewer et al., 1999).

Whereas the studies of Forbes et al. (2011), Mustafa et al.
(2009), and Dunne et al. (2005) reported on soiled water lost
from farmyard, Minogue et al. (2015) and Martinez-Suller
et al. (2010) measured nutrient contents in wastewater held
in farmyard collection tanks (Table 2). Each of these stud-
ies evaluates collected soiled water and so may not precisely
reflect actual incidental losses to a watercourse. Rather, if
nutrient and organic matter–rich material such as manure or
urine is collected in the tank, the concentrations observed
there will be greater, although concurrent losses to the envi-
ronment will be reduced. The dry matter (%) of farmyard
wastewater has a significant correlation (R2 = .94) with P con-
centration (Martinez-Suller et al., 2010). Cumby et al. (1999)
similarly found strong correlation between total suspended
solids and phosphate (R2 = .81), Kjeldahl N (R2 = .79),
and biological oxygen demand (R2 = .87). That study also
observed a seasonal effect, with higher concentrations of
solids and nutrients during the summer. These studies demon-
strate that runoff from the yard may have greater or lesser
nutrient contents, depending on the timing of precipitation,
partitioning or convergence of overland flow, the presence T
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of contaminants such as silage effluent, and the implemen-
tation/efficacy of yard hygiene routine. Consequently, the
potential magnitude of losses is highly dependent upon cor-
rect farmyard management.

2.2 Mobilization

Mobilization refers to the initial element of transfer, during
which nutrients are physically detached or dissolved from
the source and begin movement along a hydrologic pathway.
Rainfall is the primary driver of nutrient mobilization from
farmyards. It can be assumed that there is no infiltration from
farmyards because they consist of impermeable hardstanding
or roofs, with all rainfall running off the concrete if not col-
lected, either into adjacent field areas or into the drainage net-
work. There is a significant relationship between rainfall and
runoff volumes from farmyards (P < .01 [Dunne et al., 2005];
P < .001 [Minogue et al., 2015]); however, the overall depen-
dency of nutrient loss on rainfall is variable, depending on
characteristics of the yard itself (Edwards & Withers, 2008).
Average annual volume and frequency of rainfall are key risk
factors; however, a survey of experts found that these ranked
lowest among runoff factors, with delivery factors such as the
presence of discharge points and distance to watercourses con-
sidered to be of greater importance (Vero et al., 2020). The
timing of rainfall relative to soiling of the yard will influ-
ence the gross loads of nutrients mobilized. Hardstandings are
typically cleaned by scraping, sweeping, or power-washing,
with yard washing also a potential mobilization driver if not
managed correctly. However, data on losses due to clean-
ing methods are limited. Minogue et al. (2015) observed that
increases in scraping frequency (0–7 times per week) signif-
icantly increased the volume of soiled water and the concen-
tration of total N and ammonium collected in storage tanks,
though it was not significantly correlated with total P. Hence,
infrequent scraping is likely to result in accumulation of waste
on the hardstanding, which may be lost to watercourses dur-
ing rainfall events. In a study of 20 farms in the United King-
dom, no correlation was found between the volume of soiled
water production and number of dairy cows (Brewer et al.,
1999). In addition to rainfall volume and frequency, factors
that also contribute to the volume of soiled water produced
may include the area of the farmyard, its position within the
landscape, efficiency of milking (equating to time spent in
the collecting yard and volumes of washing water used), and
calving system (Minogue et al., 2015). Washing of the parlor
and collecting yard may also cause mobilization and entrain-
ment of nutrients if those washings are not collected. This was
observed at catchment scale in an intensive dairy region dur-
ing a drought period, during which diurnal spikes in total reac-
tive P indicated that these peaks corresponded with morning
and evening milking times (Mellander & Jordan, 2021).

Runoff from farm roofs has been documented to contain
highly variable concentrations of N, P, and metals (Edwards
et al., 2008). That study reported mean concentrations of
70.4 mg L–1 ammonium, 1.24 mg L–1 nitrate, 4.73 mg L–1

total dissolved P, and 3.9 mg L–1 dissolved reactive P; how-
ever, there was significant variability both between sites and
events. Unlike runoff from the hardstanding, concentrations
from roofs rapidly declined as the storms progressed, indicat-
ing depletion of limited nutrient sources. These sources reflect
atmospheric deposition of N and nutrients arriving via bird
droppings (Edwards et al., 2008). These sources are slow to
replenish compared with soiling of the hardstanding and so
may be of a relatively minor concern by comparison.

2.3 Delivery

Although artificial land drainage is ubiquitous in Irish and
U.K. farmland, it is largely nonstandardized and ad hoc,
exhibiting wide variability in open and subsurface channels
(O’Hara et al., 2020). Furthermore, farmyards do not adhere
to a common design and typically are developed and added
to over time. Hence, the connectivity of farmyards to water-
courses via this secondary network is idiosyncratic (Moloney
et al., 2019), and connections are often unrecorded. Cate-
gory 1 ditches were defined by Moloney et al. (2019) as
those that connect farmyards either to the drainage network
or directly to a watercourse. A survey of 10 case study farms
indicated 13% of total ditch length was classified as Cate-
gory 1; however, 3 of the 10 sites were disconnected from the
greater ditch network (Moloney et al., 2019). In these cases,
overland flow from the farmyard is either captured in stor-
age tanks or infiltrates through the soil in adjacent receiving
fields.

Transfer of nutrients via the drainage network occurs during
flow periods, and as such, when ditches are dry, they are not
contributing to nutrient loads delivered to the watercourse at
that time (Shore et al., 2015). This creates a time lag between
the transfer of nutrients from the farmyard to the drainage net-
work and their delivery to a waterbody. Subsequent to rainfall
events, this lag might be relatively brief because the drainage
network is hydrologically connected to the watercourse. How-
ever, deposition, attenuation, and resuspension of nutrients
along drainage networks is common due to intermittent con-
nectivity (Moloney et al., 2019), and prediction of lag is unre-
liable. Step changes in hydrochemical parameters in longi-
tudinal surveys have been observed where delivery points
from Category 1 ditches intersect with watercourses (Ezzati
et al., 2020; Vero et al., 2019). Furthermore, drainage ditches
receiving nutrient-rich organic effluents may act as a
reservoir of sediment-bound P, which is vulnerable to resus-
pension subject to temperature, pH, and redox conditions
(Aiping et al., 2015; Ezzati et al., 2020). Such systems may
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T A B L E 3 Nutrient concentrations in ditch water and sediment connected to farmyards

Mean concentrations
Water Sediment

Study DRP TP NO3
– NH4

+ WSP Morgan-P Mehlich-P
mg L−1 mg kg−1

Moloney et al., 2019 0.018–342 0.084–325 0.481–380 0.051–379 1.16–175 15.51–429.5

Harrison et al., 2019 0.019–2.43 0.053–4.68 0–8.68 0.016–14.03

Ezzati et al., 2020a 0.047–0.61 0.031–2.29 13.81

Note. DRP, dissolved reactive P; TP, total P; WSP, water-soluble P.
aSample Point D receiving farmyard discharge, 0-to-30-cm sediment depth.

therefore contribute to P delivery even during periods of rel-
atively low flow.

Grab sampling provides a snapshot of water composition
at a specific time and flow period and is not necessarily pre-
scriptive of fluctuations at other times. However, across sev-
eral studies water samples in Category 1 (farmyard connected)
ditches have been documented to contain high dissolved P and
N concentrations (Table 3). These concentrations may reflect
nutrients arriving at the ditch via runoff at that time (typically
during or immediately subsequent to rainfall) or due to mobi-
lization of legacy concentrations accumulated in the ditch sed-
iment (Moloney et al., 2019; Vero et al., 2019). Sediment
chemistry (chiefly equilibrium P concentration and Ca/Al/P
ratios) within the ditch network and hydrologic connectivity
(Ezzati et al., 2020; Moloney et al., 2019; Shore et al., 2015)
thereafter control the delivery of nutrients to the watercourse.

Direct runoff to water courses via hydrologically connected
overland pathways (e.g., saturated fields) reaching delivery
points along the receptor may also provide a route for farm-
yard wastewater. Little commentary is available on this in
the literature specifically regarding farmyard runoff, although
it is reasonable to apply the same conceptual understand-
ing of this delivery pathway as any other contaminant trans-
ported overland (Bracken et al., 2013). In such scenarios there
may be opportunity for infiltration of runoff or attenuation of
entrained nutrients along the pathway.

2.4 Impact

There is a knowledge gap pertaining to the precise impact
of farmyard nutrient losses on surface water quality, distinct
from other point sources and diffuse losses. Impacts may
occur distant and downstream from sources, and it may be
challenging to disentangle the effects of multiple sources from
signals at a catchment or subcatchment scale. For example,
the contribution of individual point sources has been observed
through longitudinal sampling to lead to cumulative loading
moving from headwater to outlet (Vero et al., 2019) where
riverine processes such as dilution or attenuation fail to ame-
liorate loads (Withers & Jarvie, 2008). Impacts may also be

temporally buffered, first by the hydrologic time lag exerted
upon the mobilization and transport phases of the NTC. Sub-
sequently, in-stream delays occur as nutrients, particularly P,
may be attenuated in sediment and later released (de Klein &
Koelmans, 2011; Simpson et al., 2021) or when the effects on
macroinvertebrates become manifested during ecologically
sensitive periods such as summer (Piggott et al., 2012). Con-
ceptualizing farmyard impacts are not limited to the physical
or temporal point of delivery.

Direct monitoring of farmyard losses is relatively limited
(compared with runoff and leaching studies at field or catch-
ment scale) in part to wide variability in farmyard design and
functioning and technological challenges in instrumentation
(Withers & Hodgkinson, 2009). Arguably, greater empha-
sis on diffuse losses and related mitigation options in both
research and policy may also contribute to the comparatively
limited information on this area. Furthermore, the lack of
a framework that conceptualizes farmyard nutrient dynam-
ics and that can be integrated with catchment-scale models
has led to significant uncertainty in the assumptions made.
There is a need for further research to accurately quantify
nutrient loads and timings from monitored farmyards nested
within study catchments. Existing long-term monitored catch-
ments may provide suitable infrastructure to support this. The
weight of evidence presented here from across the literature
shows that farmyards do contribute significant nutrient loads
to watercourses but that their impact is likely to be heteroge-
neous across enterprises and variable through time.

3 OPPORTUNITIES FOR MITIGATION

Within the framework presented herein, mitigation measures
may affect different stages of the NTC. Although the measures
presented here are not new, to date their discussion within the
literature has not explicitly defined where they operate within
the NCT framework. Farmyard mitigation measures can either
reduce the quantity of nutrients generated or divert losses to
natural or artificial sinks (e.g., storage tanks, wetland), which
may require further management (e.g., application to land).
Classification of farmyard mitigation measures based on the
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NTC and requirement for further management will help to tar-
get measures more cost effectively (Vero et al., 2020). Mitiga-
tion options at each of the source, mobilization, and delivery
stages of the NTC are discussed hereafter. Mitigation at the
impact stage is omitted here in line with the preference for
improvement earlier in the NTC. This is not a comprehensive
list of all possible mitigation options but rather a commentary
on some of the most prominent strategies described through-
out the literature and seen in practice.

3.1 Source mitigation

Preventing overflows of slurry or manure onto the hard-
standing and ensuring there is sufficient capacity to collect
deposited urine and feces is crucial for mitigating farmyard
nutrient sources. Within the United Kingdom and Ireland,
minimum storage capacities are specified in legislation on a
regional basis, which reflects the likely required duration of
winter housing. However, surveys have had limited ability to
determine whether the actual storage capacities are adequate
on a farm-by-farm basis (Hennessy et al., 2011) because rain-
fall patterns, water ingress, and opportunities to empty tanks
result in dynamic requirements. It has been speculated that
many holdings may have insufficient capacity, particularly
during of extended housing of livestock (Aitken, 2003; Barnes
et al., 2009; Humphreys, 2008). A contributing factor is the
ingress of rainfall to tanks, thus diminishing available capac-
ity. In Ireland there has been a positive year-on-year trend
toward increased roofing of slurry stores (from 85% in 2016 to
89% in 2018) (Buckley et al., 2020). This may reflect private
investment and also the effect of incentives such as the Tar-
geted Agricultural Modernisation Scheme (DAFM, 2016) in
the Republic of Ireland. Where roofing is not possible, the UK
Code of Good Agricultural Practice proposes the use of float
covers for open tanks or lagoons. Although an increase in total
storage volume might be suggested as a simple improvement,
it may not be technically feasible due to limitations in avail-
able land and disruption of existing yard facilities. In addi-
tion, this will result in a greater volume of slurry for appli-
cation to land at a later date. In temperate climates, with a
high rainfall frequency and high soil moisture for much of
the year, this will increase the risk of diffuse nutrient losses
and therefore may not be the most cost-effective solution in
some areas. Roofing of existing manure/slurry storage facil-
ities and improved routing of clean water away from storage
would maximize available capacity while respecting techni-
cal feasibility and costs. However, further research is required
to address this issue and identify the most cost-effective solu-
tions for different farm types and locations. Manure and urine
deposited on the hardstanding should be collected in manure
or slurry stores promptly to reduce the likelihood of rainfall
coinciding with a nutrient loaded surface that is primed for

losses via runoff. Efficient handling of livestock, particularly
during milking, would reduce time spent in the collection area
and, consequently, loading with manure and urine. Achieving
safe and efficient handling is contingent upon adequate labor
and facilities (e.g., sufficient hardstanding, drafting facilities,
etc.).

The potency of silage effluent may not be wholly reflected
in its nutrient content but is attributed in part to its high BOD.
Steps can be taken at each stage of production to minimize
effluent generation. Early harvesting and increased artificial
N fertilizer application significantly increase effluent produc-
tion and nutrient concentration (Keady & O’Kiely, 1998).
Based on that study, judicious use of fertilizers and aiming
for a June rather than a May harvest date reduced effluent
volume by 21 g kg–1 ensiled and 25 g kg–1 ensiled, respec-
tively. Optimal harvesting dates will vary depending on geo-
graphic location. Furthermore, wilting of forage for 24–48 h
prior to ensiling can help attain target dry matter in order to
minimize effluent and maximize silage quality. Additives to
prevent the production of effluent during ensiling (O’Kiely,
1992), to absorb it in situ, or to reduce its potency once pro-
duced (Arnold et al., 2000) have been trialed with various lev-
els of efficacy. These will represent an additional cost to the
farmer, and, as noted by Arnold et al. (2000), technical fea-
sibility must also be accompanied with financial viability for
such interventions to be adopted into practice.

To minimize potential losses to water, collection gutters
must be maintained around silage pits in order to route effluent
to storage. As with manure/slurry stores, roofing of silage pits
will significantly reduce rainfall ingress and hence the vol-
ume of effluent created and reducing the pressures on slurry
storage facilities. Baled silage may contain produced effluent
within the wrap, but this can be released during feed-out. The
number of layers in which bales are stacked has been signifi-
cantly correlated with effluent production (one layer, 24 L t–1;
two layers, 41 L t–1; and three layers, 45 L t–1) (Jones & Jones,
1995). Ideally, storage in a single layer should be preferred if
space permits. If stacking must occur, the use of three layers
seems most efficient if it can be achieved safely. Baled silage
may also be stored in-field, allowing a 20-m or 10-m distance
from the nearest watercourse in the Republic of Ireland and
the United Kingdom, respectively. This effectively removes
silage effluent from loading of the farmyard, although it may
contribute to leached losses.

3.2 Mobilization mitigation

Eliminating loading of farmyards entirely is not realistic;
however, sources can be managed such that they are not
mobilized and entrained in the transport continuum. In
essence, mobilization mitigation consists of moving available
sources to suitable storage areas or otherwise disposing of
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them safely. The objective is to prevent coincidence of pre-
cipitation with periods in which surfaces are soiled in accor-
dance with the critical source area concept. In the absence
of roofing, cleaning of the hard surface is key to minimiz-
ing mobilization. This may consist of sweeping, scraping,
or hosing, although hosing should be minimized in order to
reduce the volumes of soiled water to be collected and thereby
reducing the demands on storage tanks. Scraping or sweep-
ing may be less effective from uneven or damaged hard sur-
faces; therefore, the standard of farmyard facilities may have
an indirect effect on the ability of the farmer to prevent mobi-
lization. Similarly, good-quality guttering and efficient rout-
ing of clean and dirty water within the farmyard will allow
more effective management of mobilization by controlling
the hydrologic connectivity element. In some instances, this
will require financial investment in the upgrading of facilities;
however, ensuring clean, unobstructed channels will in many
cases be sufficient to yield some improvements. Magette et al.
(2007) highlighted the importance of “fatal flaws” in cer-
tain farmyards, such as cracked storage facilities, that may
bypass or overwhelm the typical transport stage of the NTC by
immediately delivering nutrients to a receptor. In such cases,
urgent remediation and structural improvement of facilities
are required.

3.3 Delivery mitigation

Delivery to the watercourse allows opportunities for inter-
vention and mitigation depending on the location of farm-
yards in the landscape. In farm drainage networks, attenua-
tion or mobilization of entrained nutrients is in part controlled
by geochemical parameters (Al/P ratio and binding energy
[Moloney et al., 2019]). Although the attenuation capacity
of drainage channel can be difficult to modify, the addi-
tion of additives to increase the retention capacity of ditches
has been explored (Penn et al., 2007, 2017). The geome-
try of ditches can also be used to control the speed of flow
and to encourage deposition of sediment and attenuation of
nutrients. Slopes ≥5% offer low P retention potential, 2–5%
offer moderate potential, and ≤2% offer high fine-sediment
retention potential (Shore et al., 2015). Retention of sedi-
ment will reduce delivery of attenuated P to watercourses.
Existing ditches could be modified to conform to conditions
that encourage deposition of sediment and nutrients before
they reach the watercourse. Sediments can then be simply
excavated and applied to field areas, where nutrients may be
effectively used by the growing crop. Dollinger et al. (2015)
reported wide variability in nutrient (and other contaminant)
mitigation potential in drainage ditches, with 3–92% reduction
in loads exiting channels, depending on nutrient species and
ditch characteristics. However, the studies reviewed in that
paper were from the United States, and evaluation of potential

in Ireland and the United Kingdom is a knowledge gap. In-
ditch mitigation infrastructure offers potential win-win solu-
tions in moderating nutrient losses en route to receptors with
minimal demands on land availability. Various filter and atten-
uation materials have been trialed at laboratory and field-scale
(Arenas-Montaño et al., 2021), many of which may be recy-
cled from waste from other industries and help to attain circu-
larity goals.

Sediment traps and settlement ponds have been primarily
used for mitigation on non-point source sediments and asso-
ciated nutrients (Mekonnen et al., 2015). However, they may
offer potential for curtailing entrainment of farmyard nutrient
losses within the drainage network. Although use of this tech-
nology for mitigation of diffuse sources is optimally placed
at a low position in the landscape, where it can capture the
entire subcatchment delivering to that point, to be effective
in a farmyard context positioning may need to be near the
yard–drain junction unless engineered solutions to help redi-
rect flows prove to be cost effective. In theory, Category 1
ditches, as described by Moloney et al. (2019), provide the
best location for the installation of mitigation measures.

In contrast, integrated constructed wetlands (ICWs) have
received perhaps the most investigation as mitigation mea-
sures to offset or reduce delivery of nutrients lost from
the farmyard. Nutrient loss is modified via physical (settle-
ment and attenuation in substrate) and biochemical (plant
uptake, nitrification, denitrification, and anammox) processes
occurring in ICWs subject to optimal design and sufficient
hydraulic residence times. Dunne et al. (2005) documented
the performance of a 4,265 m2 ICW (three cells) receiving
discharge from a 42-cow dairy unit (surface area, 2,031 m2).
During spring, summer, and autumn, retention rates for sol-
uble reactive P within the wetland were similar (81–84%),
though performance was vastly depressed with retention of
only 5%. The authors of that study attributed this to high pre-
cipitation leading to reduced retention times. Conversely, in
another study also in the southeast of Ireland, a similar ICW
was reported to achieve a >90% removal efficiency for both
molybdate reactive P and ammonia-N in wastewater from a
77-cow dairy unit (Mustafa et al., 2009). Forbes et al. (2011)
report reductions of 95 and 93% in P and N, respectively,
from a five-pond ICW located on 1.2 ha of land. Although the
reduction observed in these studies is significant, the uptake
of ICW as a cost-effective measure has been slow due to the
removal of agricultural land from production and regulatory
issues (Everard et al., 2012). There may also be opportuni-
ties for bioremediation using crops such as willow (Curneen
& Gill, 2014; Forbes et al., 2017) irrigated with soiled
water. This offers potential both to offset farmyard nutri-
ent impacts and to simultaneously contribute to meeting our
sequestration goals and providing an alternative farm income,
where suitable supply routes to the consumer are in place
(Styles et al., 2008).
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4 KNOWLEDGE GAPS AND FUTURE
NEEDS

This review has identified several knowledge gaps, chief
of which is the overall contribution of farmyards to P and
N losses to watercourses at catchment scale. Quantifica-
tion of this will allow improved the cost-effective target-
ing of mitigation measures and allocation of resources. At
present, the farmyard component of nutrient export models
is coarsely defined and often treated as a black box. Although
upstream and downstream comparisons are useful, they are
influenced by dilution and other inputs that can obscure farm-
yard contributions. Measurement of flow from yards is par-
ticularly difficult and has added a degree of uncertainty to
estimation of loads (Edwards et al., 2008) and partition-
ing of sources. This is logistically challenging but is essen-
tial in order to capture the variability in farmyard design,
use, and management and the effects of different precipi-
tation regimes. On-farm monitoring at high temporal res-
olution at multiple sites would allow this limitation to be
overcome.

The impact of farmyard runoff on watercourses is not
restricted to eutrophication driven by N and P content.
High BOD as a result of dissolved organic carbon (DOC)
is commonly responsible for acute oxygen depletion in
watercourses (Penn et al., 2009) and consequent fish kills
and reduced macroinvertebrate populations (Harrison et al.,
2019). Indeed, elevated BOD has been referred to as “the
most obvious sign of pollution” (Hooda, Moynagh, et al.,
2000) observed downstream of farmyards discharging organic
material. To date, DOC has not been explicitly framed within
the NTC conceptual model, although the framework could be
valid considering that losses of DOC occur through the same
hydrologic pathways (Lambert et al., 2011) and share many
of the same sources as N and P (Edwards & Hooda, 2008;
Edwards et al., 2008). Although considerable attention has
focused on export from peat soils or catchments dominated by
forestry, longitudinal patterns of organic matter across stream
networks in lowland catchments have been observed to reflect
land use and connectivity (Yates et al., 2016). Application
of the NTC framework to DOC should be explored in future
research. With reference to farmyard export, DOC in hard-
standing runoff has been observed to range between 82 and
671 mg L−1 (n = 4) (Edwards et al., 2008) and downstream
BOD to increase significantly (Edwards & Hooda, 2008; Har-
rison et al., 2019). Hooda et al. (2000) reported significant to
severe impacts of farmyards on stream ecology, with a deple-
tion of all but the most pollution-tolerant macroinvertebrates
in response to discharge of silage effluent. These effects
were attributed primarily to high BOD leading to oxygen
depletion. Although the focus of the present study is on N and
P from a WFD reporting perspective, the potential impacts
of other stressors (oxygen depletion [Calapez et al., 2017],

sediment [Davis et al., 2018], etc.) on stream ecology may be
pronounced.

Further work is needed to evaluate the cost-effectiveness
and suitability of mitigation measures, particularly regarding
trade-offs and optimization of land use (McDowell & Nash,
2012). Although significant research has been conducted into
individual measures, a comparative analysis of their relative
efficacies and suitability for distinct scenarios would allow
farmers and advisors to identify which solutions will be most
successful. The development of a physically based decision
support tool to help inform farmyard management would be
a valuable resource but requires quantification of the rela-
tive contribution of different sources and pathways of nutri-
ent loss. Such a tool could be designed to address multi-
ple contaminants (e.g., nutrients, pesticides, pharmaceuticals)
and account for the timing and type of contaminant loss, the
most viable stage of the NTC at which to intervene, the effi-
cacy of the measure (in terms of load reduction), the cost of
the measure, and the land use requirements. These measures
will include both infrastructural and management approaches
(Vero et al., 2020).

Based upon modeling of farmyard losses at national scale
followed by validation based upon on-farm monitoring and
assessment of mitigation needs, estimates of financial require-
ments for improved farmyard infrastructure and effluent man-
agement facilities could be conducted. This will help to inform
future policy decisions and identify needs for further industry
and/or government investment to reduce the impact of farm-
yards on waterbodies.

5 CONCLUDING REMARKS

This paper has presented the nutrient transfer continuum in the
context of livestock farmyards. Other contaminants, includ-
ing fecal indicator organisms, N, high BOD effluents, bio-
cides, and pharmaceutical residues, have also been attributed
to farmyards, and a similar framework could be described in
each instance. Identifying mechanisms of nutrient loss from
farmyards will improve the cost-effective targeting of miti-
gation measures and provide a structure for decision-making.
Such analyses and decision support systems are an area for
future research.
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