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ABSTRACT

Agriculture is a major contributor to environmenpallution. About quarter of water bodies in
England are classified as being good ecological @mnical status. To tackle agricultural
pollution, a range of on-farm mitigation measures ri@commended. The overall aim of this
study was to assess the effectiveness of covepirrgand reduced cultivation methods as in-
field mitigation measures to reduce diffuse wateliyion, improve soil quality and reduce
nitrous oxide greenhouse gas emissions. Theseatnitigmeasures were applied to seven
fields within the intensive arable River Wensumchatent, eastern England, with a further
two fields kept under conventional cultivation ascantrol. Soil and water chemistry,
principally water discharging from subsurface agjtieral field drains, were regularly sampled

and analysed from these fields over a two-yeaogderi

The results revealed the mitigation measures haggosiive impact on soil quality. The soil
chemical condition, including soil organic carbghosphorus, magnesium and sulphate
concentrations were not improved by the use ofvarcorop or reduced cultivation, whilst soill
physical condition deteriorated through increasmdggaction, as highlighted by increased bulk
density, penetration resistance and lower infilbratates. Conversely, field drain water quality
improved markedly. The presence of a winter coveyp significantly reduced mean dissolved
nitrate concentrations from 13.9 mg Ntito 2.5 mg N L}, an 82% reduction. Different
inversion intensity of the soil tended to have flea on nitrate concentrations. Regarding
dissolved NO, a slightly higher BO concentration was recorded in field drains ursdeover
crop than without cover crop. This finding suggehleg whilst the use of a winter cover crop
is highly effective at reducing soil nitrate losdesrivers, it does not represent an effective
strategy for reducing XD emissions. Indirect nitrous oxide emission fext@Fgand Eks)
were calculated using two approaches (IPCC 2006ran8bO-N/NOz-N ratio) for both field
drain and stream water samples. Values for thesd&fwg obtained were found to be below the
IPCC default value of 0.0025. If the IPCC weredwuise Ef values in future then, regardless
of soil type, crop type, and land use practiceslae of 0.0009 (about one third of the current
value) for Elsgand a value of 0.0002 (one order of magnitude tdhen the current value) for
EFsr may be a more reasonable estimates. Such radwaveard revision would at least halve
the current estimates ob® emissions associated with N leaching and rumofhfagriculture
for both the UK and globally.
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Chapter 1: INTRODUCTION

1.1 Background to the study

Environmental pollution is a major global conce¥When sources of water, soil and air

pollution are enumerated, agriculture is listechanajor contributor. To meet rising demand

from a growing population, intensification of agfitire and food production has led to the

export of a range of pollutants to both the atmespland adjacent freshwater in farming

landscapes. The pollutants include nutrients (g@roand phosphorus), sediment, microbes,
and both pesticides and herbicides. In Englandjristance only 27% of water bodies are

currently classified as being of good status unmdew standards set down by the European
Union Water Framework Directive (WFD) (Defra, 2015)

Pollution such as sewage and industrial effluemasnally easy to monitor and reduce as it
generally arises from a single source. Diffuseyimh, however, arises from many sources
when potential polluting substances leach intoaa@fwaters and groundwater as a result of
rainfall, soil infiltration and surface runoff. Tigal examples of diffuse pollution include the
use of fertiliser, pesticides and atmospheric dépas Thus, agriculture is a major source of
diffuse pollution. Nitrogen and phosphorus are thie important nutrients associated with
diffuse pollution. Diffuse agricultural pollutios iestimated to account for approximately 25%
of phosphorus, 60% of nitrate and 70% of sedimemiitiinto UK rivers nationally (Edwards
and Withers, 1998; Cardenas et al., 2011).

Agriculture is not only blamed for degrading wated soil quality, but also for being one of
the major contributors to greenhouse gas emissieording to Gilbert (2012), agriculture

is responsible for up to one-third of all humansmdigreenhouse gas emissions. One of these
gases is nitrous oxide $8) which is a potent greenhouse gas in the atmosp¥ith 300 times
more global warming potential than €énd accounts for about 5% of the total greenhouse
effect (Omonode et al., 2011).® molecules also participate in photochemical ieastin

the stratosphere which may lead to destructionhef Earth-protecting ozone {Olayer
(Jacinthe and Dick, 1997). Agriculture alone acdsufor about 60% of the total .0
anthropogenic emissions and global agriculturg) Emissions have increased by nearly 17%
from 1990 to 2005 (Smith et al., 2007).

N20 emissions from agriculture include direct emigsidrom agricultural soils due to the

application of animal manure and fertiliser nitroge arable farming and manure production
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in grasslands. Also, indirect emissions result friimta subsequent leaching of nitrogen to
groundwater and surface waters. The Intergoverrethétdnel on Climate Change (IPCC)
provides guidelines on calculating national inveie® of NO emissions associated with
agriculture. Indirect DD emission factors (EJare a way for calculating2® emissions from

a water body as a fraction of the original N flaxo the system (Well et al., 2005b). The IPCC
(2006) lowered the default value for the emissiantdr assigned to indirect emissions,
collectively known as E; from 0.025 in the 1997 IPCC report to 0.0075ha 2006 IPCC
report (Outram and Hiscock, 2012). The specificssmon factor for groundwater (Eff was
also decreased from 0.015 to 0.0025. Few stud@sever, have examined EMData from
only six studies (published between 1979 and 1988je used by the IPCC for the
determination of the default value, causing largeentainty (Sawamoto et al., 2005).
Therefore, the BEf has been calculated regardless of different tagagyr, climate, land use,

and seasonal change.

In an attempt to protect and enhance aquatic emrags the Water Framework Directive
(WFD) was introduced in 2000 by the European Ur{iGherry et al., 2008). Each member
state is required to improve its all water bodesetach ‘good’ and non-deteriorating status by
2015. Surface waters must reach good ecologicakhadhical condition while groundwater
must achieve a good chemical standard and poseskdorthe status of surface water into
which they may flow (Cherry et al., 2008). In ordermeet the WFD water body thresholds
for good ecological and chemical condition in the, i will be necessary to reduce the losses
of nitrogen, phosphorus and sediment to water I3odieplaces where agricultural land
management is responsible for a significant couatitim of diffuse pollution and where the
magnitude of such losses from farming pose a amgdéleto meeting compliance targets.
Achieving this reduction in agricultural pollutaleisses will involve a combination of some
changes to the way that farming is practiced aedrtiplementation of mitigation measures to
tackle the principle reason for failure.

Newell Price et al. (2011) provided summary infotim@a on a range of recommended
mitigation measures in the UK as a user guide dace diffuse water pollution, air pollution

and greenhouse gas emissions. These measuresamyarges in soil, livestock, manure and
fertiliser management, farm infrastructure and fanactices. They target nutrient availability
(source methods), the timing of agriculture pradi¢timing methods) and the delivery of
nutrients from sources to receiving water bodies@port methods) (Cherry et al., 2008). Plot-

scale experimental research has helped reseatoherderstand the mobilisation of pollutants,
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and to test the mitigation measure effectivenesgditins et al., 2009; Cardenas et al., 2011).
However, these small scale studies are frequerghhhgeneralised and uncertain, especially
when applied at farm or catchment scale. Thus,aom-frather than plot-scale mitigation

measures are highly recommended to assess thefi@aiveness of a particular measure in

reducing pollutants.

Cover crops and reduced tillage mitigation measwe® implemented in this study. They
were chosen because they are widely promoted ag bséeful for controlling diffuse pollution
and greenhouse gases (Dabney et al., 2001; Laehs 2005; Kaspar et al., 2012). One of the
challenges, however, involving mitigation measusepollution swapping which can occur
when a mitigation option or best management pradgtiéntroduced to reduce the loss of one
pollutant, but in doing so unintentionally leadsatoincrease in another pollutant, in effect one
pollutant is swapped for another. Although pollatswapping has been identified for a number
of years, there have been very few studies to exarthie potential for pollution swapping
across a range of diffuse pollution mitigation ops in agricultural systems (Stevens and
Quinton, 2009). Because-@ is produced from nitrification and denitrificatiggrocesses in
soils (Mosier et al., 1998), any change in nit@acentration due to implementing mitigation
measures may change® concentrations. While the majority of studiesrfduthat nitrate
concentrations in water and soil are reduced saanifly by these measures, particularly by
cover crops (Staver and Brinsfield, 1998; Justes.£1999; Constantin et al., 2010; Singer et
al., 2011), studies on the effects of these measomeNO produced contradictory results
(Petersen et al., 2011; Abdalla et al., 2014; Saolzena et al., 2014).

1.2 Conservation agriculture

A wide range of environmental impacts, including degradation, soil compaction, decrease
in organic matter content, water and wind erosiom a@utrophication are caused by
conventional farming practices. One way of minimgsithese negative impacts on the
agricultural environment is the promotion of consgion agriculture, defined by Jones et al.
(2006) as an approach to growing crops which aimsnaintain high and sustainable
productivity for economic viability, while conseng the environment, in particular soil and
water. This focus on improving natural biologicabgesses above and below ground, mainly
through minimising tillage, maintaining soil cowaroughout the year and practicing effective

crop rotation, aims to minimise inputs and losagrfochemicals and fertilisers (Figure 1.1).
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Figure 1.1 The three principles of conservationcadfure and the main practices and means needachieve
each principle (Stagnari et al., 2010)

Conservation agriculture has been practiced faetlilecades and has spread widely. Kassam
et al. (2009) estimated that there are now somaeriillién ha of arable permanent crops grown
without tillage in conservation agriculture systemmscounting for an annual rate of increase
globally since 1900 of 5.3 million ha. Accordingttee FAO (2014), 150,000 ha of land were
under conservation agriculture in 2011 in the Whikingdom, corresponding to 2.4 % of
arable land area. The figure for the United Stesteser 35 million ha in 2009, representing 23

% of arable land.

1.2.1 Cover crops

Cover crops, one of the main adoptions of consemwatgriculture, are crops that are grown to
provide soil cover during the winter season anbfaperiod in annual cropping systems and
also to protect the soil from erosion and loss lahpnutrients through leaching and runoff.
Cover crops were first mentioned over 3000 yeaosfiagm the Chou dynasty in China (Burket
et al., 1997; Holland, 2004) and their soil impnment benefits are consistently addressed by
agricultural literature. They have been used fougands of years but their reduction in use
comes after utilising inorganic N fertiliser duritige past 60 years. More recently, there has
been renewed interest in the use of cover crogbenapplication of mulches for organic
farming (Mosjidis and Owsley, 2002).

Traditionally, cover crops were turned-over andnporated before planting of the cash crop;
however, recent emphasis on residue managemenmaasure for reducing soil erosion has
led to greater use of cover crops in conservatilagé systems. Some cover crops (e.g. small

grain winter crop covers) can serve as a dual ceghand cover crop (Reeves, 1994). In the
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past, in addition to winter cover crops, summeruaslike cowpea and soybean were grown
for soil improvement, however, currently only wingeason cover crops are used in temperate

and subtropical zones.

There are two main types of cover crops: non-legantelegumes. Non-legume cover crops
include annual or perennial forage grasses sugfeagass, warm-season grasses like sorghum
Sudan grass, and brassicas and mustards. Theirpugonses are for scavenging nutrients,
especially N, left over from a previous crop, radgoor preventing erosion, producing large
amounts of residue and adding organic matter tsthleand suppressing weeds. The higher
carbon content in non-leguminous cover crops méseslower break down, resulting in
longer lasting residue. This has two results; tgadr carbon residue is harder for soil microbes
to break down, so the process takes longer, andchuhéents contained in the cover crops
residue are usually less available to the next (@grk, 2008). On the other hand, leguminous
cover crops include winter annuals, such as crimdomer, hairy vetch, field peas and
subterranean clover; perennials such as red clodte clover; biennials such as sweet clover,
and summer annuals. Their main purposes are &rfiespheric nitrogen for use by subsequent
crops, reduce or prevent erosion, produce bionrasadd organic matter to the soil, and attract
beneficial insects. Winter season leguminous careps are essential elements of crop
management practice in both conservation tillageaganic farming (Mosjidis and Owsley,
2002). Legumes are generally lower in carbon aghbdriin nitrogen than grass, and this lower
C: N ratio causes faster breakdown of legume residence, N and other nutrients contained

in legume residue are usually released fasterdghasses (Clark, 2008).

1.2.1.1 Oilseed radish

Oilseed radish, a winter annual brassica cover,asag distinctive cover crop that farmers are
planting to enhance their soil quality for economiiop production (Stivers-Young, 1998). It
has the capacity to recycle soil nutrients, sugpvweseds and pathogens, break up compaction,
reduce solil erosion, and produce large amountsoofidss. It establishes and grows quickly
during cool weather and can be planted early iratitamn to provide fast cover and a green
manure crop for cash crops planted in March. Atdwas a thick, deep root that can help break
up compacted soil layers and scavenge nitratdntisaieached beyond the rooting zone of other
crops (Williams and Weil, 2004).

Oilseed radish grows quickly and produces a langeust of biomass in a relatively short time

whether it is planted in spring, late summer ofdyeautumn. Four oilseed radish cultivars
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(Adagio, Arena, Rimbo and Common), seeded in Ayguste tested in Michigan (Ngouajio
and Mutch, 2004) over two years and produced sinataounts of dry biomass, of total
biomass generally exceeding 9000 kg-.ha@he thick taproot of oilseed radish can penetrate
compacted layers better than other cover crops asiclge (Williams and Weil, 2004). Deep
and large holes left in the soil after the decontmrsof roots in the spring facilitate water and
air penetration, and primary crop roots can petetizge soil in the summer better when the
soil is dry and hard. Planting oilseed radish canabno-till alternative to deep tilling or
mechanical ripping (Williams and Weil, 2004). Besawof its remarkably deep root system,
rapid growth and high N uptake, oilseed radish caveps can take up most of the soluble N
left in the soil profile after summer crops havesed their uptake. Many cover crop species
are nitrogen scavengers, but the roots of oilsediih are able to absorb nitrogen at greater
depths, preventing it from leaching into groundwatéh the ability of absorbing of between
112 and 167 kg haof nitrogen (Weil et al., 2006). Oilseed radishesiup N from both the
topsoil and from deep soil layers, storing the Nissues near the soil surface. This trapped
nitrogen becomes available to the next crop whemplant decomposes in the spring. Growing
oilseed radish, therefore, can act as a fertiisethe next crop in the rotation by recycling
nitrogen that would otherwise be lost through leaghKristensen and Thorup-Kristensen,
2004).

When oilseed radish is planted in late summer dy eatumn, a good stand of cover crop can
provide full canopy closure in three to four weeksis canopy intercepts raindrops, preventing
soil erosion. Even after oilseed radish is killgdabhard frost, a layer of decomposing residue
remains on the soil surface through the winter iata the early spring providing protection

from soil erosion. After surface residues haveyfdiécomposed in spring, runoff and erosion
are reduced because of the many holes left behama the large taproots. Rainwater rapidly
infiltrates into these holes, reducing runoff (Méiths and Weil, 2004). Oilseed radish grows
soon after planting and provides quick ground cadkat restricts weeds. When planted in the
autumn, oilseed radish prevents weed germinatialh eansequently, seed production. This
action produces a virtually weed-free seedbediily spring (Stivers-Young, 1998). The near-

complete weed suppression can be expected toriisearly April, but does not extend into

the summer cropping season.

1.2.2 Conservation tillage
Tillage has been practiced by farmers since theenimm hunter gatherers to more settled

food production systems ten thousand years agag€ils the act of disturbing the soil through
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use of an implement powered manually or by aninealgractors. Other names for tillage
include ploughing and cultivation. Hobbs et al.q8plisted some reasons for adopting tillage.
Tillage was used to provide good uniform seed geation through softening the soil and
preparing the seedbed to allow seeds to be postieasily at a suitable depth in moist soil.
Weeds grow alongside crops and compete for liglatewand nutrients, so every gram of
resource taken up by weeds is one less gram farte Tillage, therefore, enables farmers to
shift the advantage from the weed to the crop dod/dhe crop to grow without competition.
Soil nutrients needed for crop growth are releasgdillage through mineralisation and
oxidation after exposure of soil organic matteaito Crop residues from the previous year and
soil amendments (fertilisers, organic or inorgai@ incorporated into the soil. Roots benefit
more if soil amendments and their nutrients arenparated into the soil; if nitrogen fertilisers
are not incorporated they are lost to the atmogphEHage provides temporary relief from
compaction and it was found to be important managerractice for controlling soil borne

diseases and some insects.

On the other hand, tillage also has some negatfeete on both the environment and farm
business as listed by Hobbs (2007). Greenhousergasions from the combustion of diesel
fuel add to global warming. Soil organic matteoysdised and decreased when it is exposed
to the air by tillage. It also causes disruptiortha pores left by roots and microbial activity
and it causes compaction of the soil below thédracwheel surface. The bare surface exposed
after tillage is vulnerable to breakdown of soigeepates as the energy from raindrops is
dissipated (Schuller et al., 2007). This procesgskoil pores and reduces infiltration of water
and runoff, which subsequently leads to soil emvsithe bare surface exposed after the tillage

is susceptible to wind erosion.

Currently, tillage systems in the United Kingdonn dze divided into two broad categories:
inversion tillage, known as conventional tillagendanon-inversion tillage known, as
conservation tillage. Table 1.1 compares conveatiand conservation tillage systems.
Conventional tillage systems typically comprise hogtrimary and secondary cultivations.
Primary tillage is the early main operation thatalves inverting the soil using a mouldboard
plough. Secondary cultivation creates a seedbedshyg a single or double pass cultivator
(Morris et al., 2010). Thus, this tillage systerstdibs the soil completely through a sequence
of operations to incorporate crop residues andtaddil cultivation to create a seedbed.
Conservation tillage, on other hand, has been défas any tillage that retains at least 30% of

the soil surface covered by residues (Lal, 199His Tillage involves soil management
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practices that minimise the disruption of the soibtructure, composition and natural
biodiversity, thereby minimising erosion and degtamh and also water contamination
(Holland, 2004).

Table 1.1 Summary of cultivation systems (Morri@02)
System category Typical field operation Adages

System Disadvantages

Conventional

Primary cultivation with

mouldboard plough.
Secondary cultivation

Suited for poorly
drained and true
sand soil.
Excellent of
incorporation of

Higher soil erosion
risk.

High soil moisture
loss.

Timeliness

. Inversion with power harrow disc ; . .
tillage crop residues. consideration.
or one or two passes of as . .
; ood control of Potentially higher
heavy press. Cultivator
drill roll weed;. fuel and labour
Well-tilled seed costs.
bed Low work rates
Cultivation to create Some erosion
stale seedbed. control. Risk of soll
Mini Spray off weeds in stale Well adapted to moisture loss with
inimum . . . >
. Non-Inversion seedbed. light or medium deeper cultivation.
tillage . : . . ;
Shallow tine or disc, soil. Soil compaction
press. Good residue concerns
Cultivator drill roll incorporation
Clears residue from
within row to allow
Autumn to spring pre-drilling soil
cultivation to create warming and Strip may dry too
L ; strips. drying. much, crust or
Strip tillage Non-Inversion Drill into strips. Can allow injection erode without straw
Post emergence spray af nutrients in strip residue.
needed. area.
Well suited for
poorly drained soil
. . No incorporation of
. Maximum erosion .
Spray of weeds in residues.
control.
stubble. Soil moisture Increased
Direct . Drill into undisturbed . dependence on
o Non-Inversion conservation. o
drilling surface. herbicides.
Few passes. . .
Post emergence spray asM. . Slow soil warming.
inimum fuel and . .
needed Soil compaction

labour costs
concerns

Direct drilling, one of the non-inversion methodsfers to the sowing of crops directly into
the previous crop stubble with no cultivation takplace since harvesting the previous crop,
and with all crop residues left on the soil surféCenningham et al., 2004). In this tillage
system, a narrow band of soil is cultivated thaates an environment suitable for the seed
which is then placed behind the coulter and firtogd rear roller. No significant change occurs
in the soil profile from year to year and dead dedaying crop residues cover the soil surface
that change the microenvironment influencing cropwgh patterns (Sprague and Triplett,
1986). In this method of tillage, maximum soil eows control and conservation of saill

moisture are achieved. However, some drawbacksief dystem include the incomplete
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incorporation of crop residues and increased depwel on herbicide due to increased
volunteer weed growth.

Currently, it has been estimated that approximaté¥s of arable land in the UK is under some
degree of conservation tillage management (Jareds €006) . It is projected that by the year
2020, conservation tillage may be adopted on 75%rapland in the USA, 50% in other
developed countries and 25% in developing countiiee change in tillage practice has been
the readily researched and reported of the consernvagriculture principles, to the extent that
frequently the terms conservation tillage and coregen agriculture appear interchangeable
(Lal, 1997).

1.3 Aim and objectives

The overall aim of this study was to assess thecefieness of cover cropping and reduced
cultivation methods as in-field mitigation measuteseduce diffuse water pollution, nitrous
oxide greenhouse gas emissions and to improvegaality. The specific objectives of this

study can be summarized as follows:

* To evaluate the effect of cover cropping, reduckage and direct drilling on soil
properties including soil mineral nitrogen, soil er@anutrients and on soil physical
properties.

* To examine the effectiveness of cover cropping @uliced cultivation methods to
decrease nitrate concentrations and losses inady@awater.

* To assess the impact of direct drilling, reduc#dge and cover cropping on nitrous
oxide concentrations in drainage water.

* To calculate the indirect nitrous oxide emissioctda (EFs) for river and drain water
based on a (long) two-year dataset and comparedhie with the current IPCC (2006)

default value.

1.4 Thesisstructure

This thesis is divided into seven chapters. TheecuirChapter 1 discusses the background of

the study. Conservation tillage and cover crop@aegnitigation measures and independent

variables in this study are described and theimathges and challenges are also presented.

Readers can also find the aim and objectives efrdsearch.
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Following this introduction, Chapter 2 describes study area and methods of sampling and
procedures used in this study. It describes théoggphydrogeology, climate and topography
of the study area. Methods and locations of callgcdamples for nitrous oxide measurements,
and water samples from drains and porous pots ailsl are presented. The analytical

procedures and statistical analysis methods aoepa¢sented in this chapter.

Chapter 3 assesses the effects of cover croppidgetuced tillage on soil chemical and
physical characteristics. It shows the effectsavier cropping and reduced tillage on chemical
characteristics of soil including soil mineral oggen, organic matter, phosphorus, calcium and
magnesium. In addition to chemical parameters,efifects of mitigation measures on soil
physical characteristics including soil temperatg@il moisture, bulk density, penetration

resistance and infiltration rate are also presented

Chapter 4 evaluates the effects of cover croppmigraduced tillage on water quality. Rainfall
variation throughout the study period is presemied the response of nitrate concentrations in
the experimental measures area to major rainfahisvis discussed. Spatial and temporal
variations of nitrate concentration in the fielciths are illustrated. Effects of cover cropping
and conservation tillage on nitrate concentratiorield drains are presented and are supported
by porous pot data. By taking the area of fieldrdrge and flow rates into account, fluxes of
nitrate are presented. Also, an attempt is madeatoulate approximate nitrogen losses
compared to nitrogen input in the soil. The sumnahe end of this chapter concludes if the

measures are effective in improving water quality.

Chapter 5 presents the results of dissolved nitmige in field drainage and stream water
samples. The production mechanisms of nitrous oart its different aquatic sources are
introduced. Seasonal changes in the nitrous oxmheentrations of field drain and stream
water samples are presented. Comparisons betwegensnoxide concentrations in stream and
drain water are also shown. Spatial changes inustoxide concentration along the length of
the studied water course are presented. The appatxicontribution of drains to the total

nitrous oxide budget is determined. Finally, thiEees of mitigation measures on dissolved

nitrous oxide are discussed.

Chapter 6 introduces the calculation of the indiretous oxide emission factor. Theoretical
and applicable equations to calculate this faatepaesented. Emission factors for stream and

drain samples are calculated by using two appraaahd they are compared to other studies,
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particularly to the IPCC (2006). Finally, indiretgtrous oxide emissions from both the UK and

across the globe are estimated with the emissiinracalculated from this study.

Finally, Chapter 7 concludes the main findingshad tesearch, together with recommendations

for future work.
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Chapter 22 DESCRIPTION OF STUDY AREA AND METHODS

This chapter introduces the description of theysarga including the geology, hydrogeology,
climate, topography, soil and land use. The expemntad design is presented together with field
sampling and laboratory analytical methods. Stasikanalysis methods for the treatment of

data are introduced.

2.1 Demonstration Test Catchment

The UK Demonstration Test Catchment (DTC) prograsna Department for Environment,
Food and Rural Affairs (DEFRA) funded initiative évaluate the extent to which on-farm
mitigation measures can cost-effectively reducerttpacts of diffuse agricultural pollution on
river ecology whilst maintaining food productionpe&ity (Wensum Alliance, 2015). Three
DTC where established around the UK in 2010, edchoch covers different landscape
characteristics and farming systems. These catcdsmeare the arable River Wensum in
Norfolk, the livestock dominated River Eden in Curapand the mixed farming system River
Avon in Hampshire (Figure 2.1). The research priegsehere focused exclusively on the River

Wensum Demonstration Test Catchment.
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Figure 2.1 Location map of the UK showing the thBeamonstration Test Catchments: the Hampshire Avon,
Wensum and Eden (Outram et al., 2014)
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2.1.1 Wensum Demonstration Test Catchment

The River Wensum is a low gradient groundwaterlkchquifer) dominated river which flows
for approximately 78 km through the country of Nbkf from its source in South Raynham to
its confluence with the River Yare in Norwich (Fig2.2). It was selected by Natural England
as one of the 31 rivers in England to be desigradeaiSite of Special Scientific Interest (SSSI)
and it was also selected as a Special Area of Caatsen (SAC) under the European Habitats
Directive and as a part of the European Union’suNaR000 network (Sear et al., 2006).
Although the Wensum is recognised as of importaaagndition assessment carried out by
Natural England in 2002 showed that the river wasifavourable ecological condition mainly
due to water quality issues and physical modiftzatwhich limit its ecological and
hydrological potential to support a chalk river lab(Dils et al., 2009). Cooper et al. (2014)
mentioned that 99.4% of the River Wensum protehtdaitat is in a declining state, primarily

due to excessive sediment and nutrient loadings fgriculture.
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Figure 2.2 The River Wensum catchment , Norfolk.

2.1.1.1 Geology

The Wensum catchment is underlain by CretaceouskCtiee dominant solid geology of
Norfolk. The Chalk is a white, fine grained, fissddimestone of very high carbonate fraction,
deposited during the Upper Cretaceous. To theagdbe catchment the Chalk is overlain by
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the Pleistocene Wroxham Crag formation of sands gmagtels (Figure 2.3). A complex
sequence of Quaternary strata over much of theniwegiot is formed of glacial tills, sands,
gravel, alluvium, peat and river terrace depositsv-permeability tills in excess of 15 m in
interfluve areas restrict infiltration to the uniyarg Chalk aquifer (Hiscock et al., 1996; Lewis,
2011; Outram et al., 2014). The Chalk is sepanatednformably from Lower Cretaceous and
Jurassic deposits by Carstone, a ferruginous samelsbverlain in south Norfolk by the Gault

Formation comprising grey mudstone (Arthurton gtE94).
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Figure 2.3 Superficial geology of River Wensum batent (BGS, 2016).

2.1.1.2 Hydrogeology

The regional hydrogeology of Norfolk is dominatedtbe White Chalk sub-group that forms
a major aquifer and provides a valuable groundwadsource due to its high porosity and
permeability. Groundwater arising from the chalkiiégr dominates the flow regime of the
River Wensum with a high baseflow index (BFI) @®at Fakenham (Ceh, 2016). The Chalk
bedrock in the western part of the catchment iseclo the surface, so the flow is derived
primarily by groundwater discharge from the chajkiger. As the river progresses towards the
east in the catchment the thickness of glacialnsedis overlying the chalk increases and the
contribution of surface water to the river incresaséth a baseflow index of 0.75 at Costessey
Mill Norwich (Dils et al., 2009; Ceh, 2016). Theigehigh spatial variation in transmissivity
and storage capacity of the Chalk resulting from dmstribution of overlying Pleistocene
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deposits (Hiscock et al., 1996). The transmissisitiess than 100 fiday! when the Chalk is
confined under the till due to poor fissure develept, whereas fissuring is more prevalent in
the valleys where the Chalk outcrops and transwifi&s can reach 2000%day. A very recent
study by Outram et al. (2016) on the same catchrioerthe monitoring site F (Figure 2.5)
summarized some farming and hydrological dataloed years (Table 2.1). Total discharge
volume into groundwater is between 134-234 mm widan groundwater level (39.5-40.4 m)
above sea level.

Table 2.1 Annual summary of fertiliser, hydrolodjaaetrological nitrate and total phosphorus datatliree

hydrological years (2012, 2013, and 2014) for naimg site F (see Figure 2.5). Standard deviation i
parentheses (Outram et al., 2016)

2012 2013 2014
Total nitrogen fertiliser application (kg N) 2.16 x 16 2.05 x 16 1.70 x 16
Total phosphorus fertiliser application (kg P) 2.48 x 10 3.63 x 10 2.16 x 10
Mean nitrate concentration (mg NL 5.9 (1.6) 6.2 (1.3) 6.1 (1.7)
Total riverine nitrate-N load (kg N) 1.46 x 10 2.98 x 10 2.20 x 10
Mean total phosphorus concentration (mg¥ L 0.09 (0.04) 0.09 (0.03) 0.09 (0.04)
Total riverine total phosphorus load (kg P) 2,29 x 16 410 x 16 3.33x10
Nitrate export coefficient 0.07 0.15 0.13
total phosphorus export coefficient 0.01 0.01 0.02
Mean total rainfall (mm) 683 633 706
Total discharge volume (n 2.64 x 16 4.61x16 3.44 x 16
Total discharge volume (mm) 134 234 175
Annual runoff coefficient 0.2 0.37 0.25
Baseflow volume () 1.95 x 16 3.19 x 16 2.49 x 16
Baseflow index (BFI) 0.74 0.69 0.72
Mean groundwater level above ground surface 1.8 (0.3) 1.7 (0.5) 1.8 (0.3)

2.1.1.3 Climate

East Anglia is one of the driest regions in Britaline Wensum catchment has a temperate
maritime climate with a mean annual temperaturé®i °C during 1981-2010 and a mean
annual total precipitation of 674 mm in Coltisha#ather station near Reepham. Over the same
period, mean monthly precipitation totals were kgfhduring October and November (68.2
mm) and lowest during February (41.7 mm) (Meteaymlal Office, 2014), and moderate
rainfall is maintained through the summer monththwb5.5 mm) in July. Mean monthly
minimum temperatures are lowest in February (1.Ba@ August has the highest mean
monthly maximum temperature (21.4 °C).

2.1.1.4 Topography
The topography of the Wensum catchment is relatil@l/ with a maximum elevation above
sea level of 95 m. The north and west of the ca&tinmave the highest elevations. The

majority of the catchment (78%) has a slope ofde@rees, with only a small area of land area
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with slopes of 3-7 degrees and greater (Dils e2809). These low slope angles mean that the

River Wensum possesses relatively low energy, &mtrivers in East Anglia.

2.1.1.5 Soil

The Wensum catchment is characterised by rich lpaitts and sandy peats, which have a
high potential for cultivation (Sear et al., 2006pam soil offers ideal moisture retention and
drainage, preventing waterlogging because of tlkeegmce of a good balance between sand,
silt and clay fractions in the soil. In the midgkart of the catchment, coarse loams overlie clay,
whereas lighter sandy loam soil is present in tlestearn catchment. Soil texture has great
spatial variability: the soil can change from mexdiclay loam to light sandy loam within a few
metres. In the north west of the catchment, thecamnprises freely draining loams, with an
increasing clay fraction and lower permeabilitghie central catchment and interfluves. Areas
of well drained sandy soil occur in the lower cabeimt. The upper river valley soils are free
draining loam with sand, giving way to peat solfggure 2.4 shows the soil series in the
catchment. The Adventurers series forms earthy s@t with amorphous and semi-fibrous
peat soils formed mainly in reed and sedge petnafith wood fragments from carr. The
Isleham series forms humic sandy gley soils whizhsest of sandy and peaty soils on low-
lying land affected by groundwater. The Greshameseis a stoneless slowly permeable
seasonally waterlogged coarse loamy and silty oksgrey soil. The Newmarket series forms
a coarse loamy soil over chalk or chalk drift. Weck series which is predominant in the
Blackwater sub catchment (Figure 2.2) is a deepdvained coarse loamy typical brown earth,

intermixed with gleyic brown earth (Barrow seriasd typical brown sands.
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Figure 2.4 Soil series of the Wensum catchment (MAP, 2009).

2116 Land use

East Anglia contains some of England’s best adrical land due to its loam soil and gentle
topography. Over 85% of the land in Norfolk is usedfarming, and of this 66% is used for

growing crops or is left fallow. The largest lanega as it shown in Figure 2.5, is used for
cereal crop production, followed by sugar beet aitgked rape, horticulture and potatoes,
whereas livestock, dairy, pig and poultry operaitogether account for 22% of farms (Defra,
2006). There are few cities and towns in the catitnirhe largest is Norwich with its urban

population of 214,000, followed by Dereham withapplation of approximately 19,000 and

Fakenham with a population of over 7,000 (OfficeNational Statistics, 2012).

2.1.1.7 Experimental Area

Of the 20 sub-catchments in the Wensum, the lowBladkwater sub-catchment in the north
east of the catchment covers an area of 66. Kine upper 20 kiof this sub-catchment
represents the area intensively monitored as agbdine River Wensum Demonstration Test
Catchment project. In this experimental area, tlaelBvater sub-catchment is divided into six
mini-catchments A to F (Figure 2.5), each of whiels a bankside kiosk at its outlet monitoring
parameters including pH, turbidity, temperaturejrenium, dissolved oxygen and electrical
conductivity at 30 minute resolution using ion sélee electrode sensors on a YSI 6600 V2
sonde. Each monitoring site also has a pressunsduaer located in a stilling well which
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records river stage every 30 minute. Two kioskar{et F) are additionally equipped with Hach
Lange nutrient analysers including a Nitratax PB& probe which measures nitrate
concentrations via an optical sensor and Phosphgméas wet chemistry analyser in
combination with a Sigmatax SC sampling and homisgéion unit to measure phosphorus
(Outram et al., 2014). Each kiosk, including a sélwekiosk at site M nested within mini-
catchment A, also encompass an ISCO automatic watepler (Teledyne ISCO, Lincoln, NE)
containing 24, 1 L polypropylene sample bottles. atiler stations at A and D record
precipitation at 15 min intervals via tipping-buecgirain gauges, alongside measurements of
temperature, wind speed, humidity and solar ramhatMini-catchment A, the focus area of
this study, is ~40 m above sea level and coveesemof 5.4 krhwith a gentle slope of ~0.37°.
This arable area is under intensive farming witko9r cropping (with wheat, barley, sugar
beet, oilseed rape and spring beans in rotatiatt), 5% grassland, 2% woodland and 1% urban

area.
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Figure 2.5 Land use across catchments the RivekRiter. It also shows the locations of mini kigskB, D,
and M) and kiosk (E and F).

2.2 Experimental design

In 2013, nine fields covering 143 ha of arable lamdle identified for trialling of winter cover
crop and reduced tillage practices aimed at redudiffuse nutrient losses into the River

Blackwater (Figure 2.6, Table 2.2). These ninedBelvere divided into three mitigation
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measures treatments, with each treatment sown théhsame crop and same fertiliser
application rate during the 2013/2014 (spring be@rigy N hat, 30 kg P ha&, 55 kg K ha)
and 2014/2015 (winter wheat; 220 kg N'ha2 kg P hd, 85 kg K ha') farm year (September
to August). Two fields were kept as control andewvaultivated by mouldboard ploughing to a
25 cm depth prior to sowing. Oilseed radiBahanus sativisover crop (seed density = 18
kg ha') was sown in treatment (cover crop & reduceddilaand treatment (cover crop &
direct drill) using a Lemken cultivator in late-Augt 2013. treatment (cover crop & reduced
tillage) was then underwent reduced tillage to ptld@f 10 cm using Vaderstad Carrier and
topdown cultivator prior to sowing with Rapid drdhd treatment (cover crop & direct drill)
underwent direct drilling with no inversion usingderstad Seed Hawk. A winter crop (winter
wheat) was grown in the second year (2014/2018pser crop was not sown in this year but
reduced tillage and direct drilling practices coogd in (cover crop & reduced tillage) and

(cover crop & direct drill) treatments, respectiuel
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Figure 2.6 Map of the study area and the experiah¢rgatments.
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Table 2.2 Description of the experimental treatreaent

2013/2014
. Area N . S
Treatment Field name (ha) Cover Tillage Crop kg N Yle|(il Cultivation
crop hat t ha systems
No cover crop & Far Hempsky 13.8 No Plough SB 0 5.49 .
conventional 5.40 Conventional
Potash 26.8 No Plough SB ) agriculture
plough (control)
Cover crop & Gatehouse Hyrne 17.3 Yes Reduced SB 38 6'4‘&0nservation
reduced tillloa e Dunkirk 12.9 Yes Reduced SB 30 5.86 aariculture
9 Moor Hall Field 204 Yes Reduced SB 0 6.97 29
Swanbhills 10.4 Yes DD SB 26 5.19
Cover crop & Sheds Field 14.9 Yes DD SB 28 6.24 Conservation
direct drill First Hempsky 141 Yes DD SB 34 5.99 agriculture
Middle Hempsky 11.8 Yes DD SB 7 6.55
2014/2015
. Area N . S
Treatment Field name (ha) Cover Tillage Crop kg N Ylel(j Cultivation
crop ) t ha systems
No cover crop & Far Hempsky 13.8 No Plough WwW 226 135 .
. Conventional
conventional WWwW 13.1 .
Potash 26.8 No Plough 228 agriculture
plough (control)
Cover crop & Gatehouse Hyrne 17.3 No Reduced WW 221 11'5Conservation
et titacs Dunkirk 12.9 No Reduced WW 219 128 ocl® 2
9 MoorHallField  20.4 No Reduced WW 229 135
Swanbhills 10.4 No DD ww 219 10.5
Cover crop & Sheds Field 14.9 No DD ww 227 10.4 Conservation
direct drill First Hempsky 14.1 No DD ww 229 12.9 agriculture
Middle Hempsky 11.8 No DD ww 222 12.2

Note: SB: spring beans, WW: winter wheat

2.3 Methods

2.3.1 Field techniques

2.3.1.1 Soil sampling

Soil sampling was carried out several times throughhis study. The first soil sampling was
carried out in the nine fields from %30 22'¢May 2013 by a team of UEA students (Table
2.3). Soil samples were collected by Dutch augéhrae soil depths (0-30 cm, 30-60 cm, 60-
90 cm) at 12 sites in each field in a ‘W’ layoutrasommended by (Pennock et al., 2007). The
soil samples were not bulked because the aim wasderstand the variability of soils in the
nine experimental fields. In total, 324 soil sanspleere collected (i.e. 9 fields x 12 sites x 3
depths = 324) (Figure 2.7). Moist, well-mixed saesplvere placed into sealed plastic bags and
transferred back to the university. The sampleswleen placed in a drying rack and allowed
to air dry for 7 days. After removal of course ssnportions of each homogenised and dried
sample was then put in sealed plastic bags fonanc)y whilst the rest was gently ground with

pestle and mortar and passed through a U.S. N@.10n{ opening) sieve (Gelderman and
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Mallarino, 2012). These sieved soil samples weeg dsr determining soil texture and soil

organic matter.

Table 2.3 Summary of soil samplings date and measemts during this study

Time of sampling May 2013 Sep. 2013 Feb. 2014 Maju& 2014 Feb. 2015 Jun. & Jul. 2015
Who conducted UEA Team ADAS ADAS UEA team UEAteam UEAteam
SMN 4 sitesffield* 4 sites/field* 4 sites/field 4 sitesffield 4 sitesffield
(NOs, NH,4, Available N) 3 depths 3 depths
Top soil 4 sites/field 4 sites/field 4 sites/field 4 sifesdd

(pH, P, K, Mg, OM)

Soil texture 12 sites/ field* 4 sjtes/field
3 depths
Physical properties 12 sitesffield 4 sites/field 4 sites/field
(BD, IR, PR)

NOTE: SMN: Soil Mineral Nitrogen, OM: Organic MattdD: Bulk density, IR: Infiltration rate, PR: Petnation resistance

A second round of soil sampling was carried outABAS after completion of the harvest
between 2% August and 'S September 2013. Using the farmer’s expertise, difigrent soil
types were identified in each field. Samples wakected from each soil type in each field.
The selected sampling points within each solil typeee located in the same location as earlier
soil sampling wherever possible. Samples were takéwo different ways according to the
measurement of interest. Samples for pH, K, MG@®,andorganic matter measurement were
taken in the topsoil (0-15 cm) by hand auger inat2ations within 2 metres around each site.
These 12 samples were then bulked together togeave representative sample for a given
site (i.e. 9 fields x 4 sites = 36 samples). Samfbe soil mineral nitrogen (SMN) and soil
texture were collected with a Hydrocare powerecdeaugtwo concentric circles at 12 locations
within 10 metres around each site. The solil caaksrt from the Hydrocare drill were divided
into three depths: 0-30 cm, 30-60 cm and 60-907Tdme. 12 samples for a certain depth were
also bulked to provide one representative sammegaten site (i.e. 9 fields x 4 sites x 3 depths

=108 samples for SMN and soil texture measurement)
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Figure 2.7 Locations and dates of soil sampling ¢aaried out during this study.

The collected samples were placed in sealed pléstgs and sent to Natural Resource
Management (NRM) laboratories for analysis. Thaltaumber of soil samples collected in
the nine fields during both sampling rounds comtbiwas 432 samples (i.e. 9 fields x 16 sites
x 3 depths = 432 samples). On tieahd §' February 2014, soil samples were again collected
by ADAS at four sites per field using the methodat@ed above. A further three soil sampling
campaigns were carried out by a team of studeois WEA in July 2014, February 2015 and
July 2015, with these soil samples collected frommdame four sites per field in topsoil (0-15

cm) only.

2.3.1.2 Field drain and stream water sampling

Like most of the arable land in the Blackwater sabzhment, the nine measures fields are
extensively under-drained by a dense network of atad plastic agricultural field drains (or
tile drains) installed at depths of 100-150 cm wiginnumerous phases of land drainage over
the past 60-70 years. Water samples from 13 oétfielsl drains as well as from four in-stream
locations (A, B, E and M) (Figure 2.8) were colixttat weekly intervals for water quality

analysis (i.e. nutrients and major ions) betweenlR®13 and April 2015. The exception to
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this was between April 2014 and September 2014 winaim samples were collected every
two weeks and stream samples collected every m&amples were collected in one litre
polypropylene bottles after the bottles had beeshiéd repeatedly with water from the
sampling site. Field drain water flow was measurettiplicate at each drain sampling site
using a measuring cylinder and stopwatch. Rainfaih were obtained from a tipping bucket

rain-gauge installed in the study area next tondcd)5R.
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Figure 2.8 Location map of water samples for N sggeand dissolved JO analysis.

2.3.1.3 Porous pot sampling

Based on information gained from both the soil eyr{d44 sampling sites in the experimental
area, i.e. 16 sampling sites per field) and fronel@ctrical conductivity scan (Appendix A2)
of the study area, nine locations were chosennfstialling porous pots to capture soil water.
Three locations of different soil textures inclugisandy loam, sandy clay loam and clay loam
in each treatment were selected to install porats @-igure 2.9, Table 2.4). Locations were
chosen on the basis that soil texture did not chalgng the profile (90 cm) and high clay
content soil should be located in a high electromadductivity zone. This is because clay soils
have numerous small water-filled pores that areegepntinuous and usually conduct
electricity better than sandier soils. Ten poroois pall located on a straight line and one metre

distance apart from each other, were installedidiDecember 2013 at each location at a depth
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of 90 cm and at a 45 degree angle by ADAS usinghtfigocare drill. Thus, 90 porous pots

were installed in total for soil water sampling.
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Figure 2.9 Locations of installed porous pots. Hachtion had 10 porous pot installed in Decemifsr32
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Table 2.4 Soil particle size distribution at thoepths for locations of porous pots

Sample name Depth (cm) Sand % Silt % Clay % Texture
FAR10 0-30 58 33 9 Sandy Loam
30-60 73 21 6 Sandy Loam
60-90 78 12 10 Sandy Loam
SF9 0-30 59 26 15 Sandy Loam
30-60 60 23 17 Sandy Loam
60-90 61 23 16 Sandy Loam
MHF8 0-30 54 31 15 Sandy Loam
30-60 58 27 15 Sandy Loam
60-90 61 22 17 Sandy Loam
FAR9 0-30 45 39 16 Sandy Silt Loam
30-60 49 34 17 Sandy Silt Loam
60-90 54 19 27 Sandy Clay Loam
FH11 0-30 54 26 20 Sandy Clay Loam
30-60 49 20 31 Sandy Clay
60-90 51 19 30 Sandy Clay Loam
MHF14 0-30 52 26 22 Sandy Clay Loam
30-60 56 22 22 Sandy Clay Loam
60-90 53 24 23 Sandy Clay Loam
P8 0-30 44 31 25 Clay Loam
30-60 43 30 27 Clay Loam
60-90 41 29 30 Clay Loam
MH14 0-30 46 30 24 Clay Loam
30-60 44 28 28 Clay Loam
60-90 40 27 33 Clay Loam
GH6 0-30 36 34 30 Clay Loam
30-60 26 42 32 Clay Loam
60-90 28 39 33 Clay Loam

Note: The soil textures were classified accordmthe UK Soil Survey of England and Wales textuisngle.

The flexible sampling tubes of the porous pots wefeexposed above the ground surface
from mid-December 2013 to end of January 2014.rAiédd capacity was reached at the end
of January, the first sample batches from the porpois were collected on thé' & 5™
February 2014. In order to obtain a fresh waterm@anthe pots were first flushed out with a
vacuum pump. They were then left under vacuum fiemahours to drawn in water from the
surrounding soil (Figure 2.10). To maximise theeva®lume provided by pots, each pot was
pumped three times. However, some pots providedemey low amounts of water
insufficient for analysing all parameters. Secoodnd of sampling took place on the'™28
29" April 2014. After sampling, the flexible tubes weéyuried to 50 cm depth to avoid damage

by farm machinery during harvesting and cultivati@me final round of porous pots samples
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were collected on the 958 26" February 2015. Thus, porous pots were sampled times
during this study.

Figure 2.10 Photographs of porous pot samplingbRebruary 2014 at site FH11.

2.3.1.4 N20O sampling

Water samples for XD analysis were collected weekly between April 2608 April 2015
from the same 13 field drains and four river logas (A, B, E and M) described in section
2.3.1.2. Samples were obtained using 20 ml glassigegs (SAMCO) with a three-way
stopcock attached to the syringes by Luer-Locknfig (Figure 2.11). Syringes were flushed
three times with water from the sampling point amg air bubbles contained in the syringes
were expelled before the final sample was takenpiidserving mercury (1) chloride (Hg£}!
was added to the sample, since it has potent@idage the original XD content of the water
through the chemical reaction. Samples were retutm¢he laboratory and stored &C4prior

to analysis. Samples were generally analysed wa8ihours of sampling, thus minimising the
risk of sample degradation.
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Figure 2.11 Sampling for 0 measurement from field drains (A) and stream (B).

2.3.2 Lab measurement
2.3.2.1 Soil Analysis

Particle sizedistribution

Particle size distributions for all 432 soil sangaleere determined by laser diffraction by NRM
laboratories. The soil samples were suspended tervaad passed through a flow cell. The
flow cell is positioned in the path of a laser beamd the particles of soil passing through the
cell causes the laser light to be diffracted. Timant of light that is diffracted is dependent
upon the size of the particle in its path. Smalitipkes cause greater diffraction than large
particles. By measuring the diffraction patternief laser beam it is possible to predict the size
and relative population of particles in the sampl@énciples and details of determining particle
size distribution by laser diffraction method canfbund in (Ma et al., 2000; Wedd, 2003).

Soil mineral nitrogen (SMN)

The SMN content was also measured by NRM laboedofihe soil was chopped and mixed
to obtain a homogeneous sample and stones wereveem8oil nitrate concentrations were
determined calorimetrically after shaking a fresktipn of each samples with 2 mol potassium
chloride (KCI) to extract the mineral N fractionsda reacting with sulphanilamide
(CsHsN202S) and n-(1-Naphthyl)ethylenediaminei§814N2). Once in solution the nitrate-N,
nitrite-N and ammonium-N can be measured caloricaty (NRM, 2013).

M acronutrients

38



Soil organic carbon was determined for the firgtna of samples (324 samples) by a CHN
instrument in the UEA laboratories. The soil sampbes acidified with sulphurous acid to
remove all inorganic carbon. After drying, a tingrfpon (4 mg) was placed in a capsule and
measured. Soil organic matter of subsequent samplgesletermined by loss-on-ignition (LOI)
by NRM laboratories. The organic matter was desttidyy dry combustion at 430 °C and the
loss in weight of the sample was reported as thmeepéage organic matter content. Organic
matter can be determined by using the Van Bemnfeletor (1.724, which is based on the
assumption that organic matter contains 58 pexgyainic carbon), so organic matter =organic
carbon x 1.724 (Buol et al., 2011).

Available phosphorus was determined by shakingstilewith 0.5 M of sodium bicarbonate

solution at pH 8.5 and 20°C. Available potassiuns watermined by shaking the soil with 1
M ammonium nitrate at 20 °C for 30 minutes. Aftdrdtion, the concentration of potassium
in the extract is determined by flame photometryailable magnesium was extracted from
the soil by shaking with 1 M ammonium nitrate at°Dfor 30 minutes. After filtration, the

concentration of magnesium in the extract is detethby atomic absorption spectroscopy.
The available sulphate was extracted from the soder controlled conditions using a
phosphate buffer extracting solution at a 1:2 rafibe filtered extract of the sample was

analysed by Inductively Coupled Plasma Emissiorc@pscopy (ICP-ES) (NRM, 2013).

Physical properties

For soil bulk density measurement a core samplsrwgad to collect undisturbed cylindrical
soil samples (7.6 cm long x 4.27 cm in diameteavirfreach soil sampling site at the ground
surface. Bulk densitypf) was measured as the mass of oven dried soiPCLE5 24 h) per
volume of core (g crd) (Ward and Trimble, 2003). Each measurement waliceded three
times. A Minidisk tension infiltrometer with a distadius of 2.22 cm (Decagon, 2007) was
used to measure the infiltration rate under unastdrconditions created using a pressure head
of -2 cm. Measurements were performed at the swfbhse. The soil surface was carefully
levelled before the tension disk infiltrometer sedDetail of the procedure can be found in
(Decagon, 2007). A hand-pushing penetrometer (Kkghkep) with a cone diameter of 11.28
mm (cone number 1) was used for the measuremestilocfompaction. The area of the cone
base was 1 cfrand the shaft diameter was 8 mm. The penetraéisistance measurements
were made by pushing the penetrometer verticatty tine soil at an approximate speed of 2

cm st. Penetration resistance measurement was replitiated times. Soil temperature and
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soil moisture were both measured by the soil mogspuobes AddIT series 4 (ADCON) that

were installed in January 2013 close to the looatiwhere porous pots installed (Figure 2.9).
The probes record soil moisture every 15 minutesime soil depths (10-90 cm) and soll

temperature every 15 minutes in three soil dedtbgb and 75 cm).

2.3.2.2 Sail solution analysis

Field drain and porous pot nitrate concentratios determined by ion chromatography using
a Dionex ISC 2000 instrument. A sodium nitrate (MBNstandard (0.50-7.50 mg). was
used for calibration. Instrument accuracy (+0.2lrywas determined by analysing a certified
reference material (N\&D>= 214pmol L) with each sample batch with detection limit dD.
mg N L. A continuous flow analyser (Skalar San++) waslifee measuring ammonium with
a detection limit and accuracy of 5.98 ug Mand + 4.57 ug N £, respectively. It was also
used for measuring nitrite with detection limit asturacy of 0.96 pg N'tand + 1.52 pg N
L1, respectively.

2.3.2.3 N20 measur ement

Figure 2.12 shows a schematic diagram of the gasradtogram (GC) and sample preparation
line used for NO analysis. Samples are directly injected into @ A®® glass purging column
which is flushed with helium CP grade flowing ataée 30 ml mirt (Table 2.5). The purging
gas stream is passed through various traps comhbégtés inch stainless steel tubing and
stainless steel fittings. Water vapour is removednfthe purging gas by passing through a
reverse-flow Nafion dryer (in-line after the purtgever). The drying gas, which flows around
the membrane containing the purge gas flow antienopposite direction (not shown in the
schematic diagram), should be approximately 2-2girtine flow rate of the purge gas. This
dryer was found to be extremely effective. Additity, a 2.8 cm glass tube was filled with
magnesium perchlorate Mg(CJf2 granules to trap any moisture that might passutjindhe
reverse-flow Nafion dryer. Carbon dioxide (§@s taken out of the gas stream in a 2.8 cm
glass tube with Carbosorb. Both, water and.@@e electronegative compounds and can
potentially interfere with the nitrous oxide GC bysés, hence the need for them to be removed
prior to sample injection. Detail of this methoch@dso be found in (Muhlherr, 1997; Muhlherr
and Hiscock, 1998; Outram and Hiscock, 2012).

The water samples were purged for 20 minutes torerssnitrous oxide recovery rate of >99%.
Nitrous oxide is captured on glass beads packedari/8 inch stainless steel loop in a trap

held above liquid nitrogen at -180. The NO is then remobilised by submerging the loop in
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a hot bath at approximately @& The sequence of events for analysing a sampie dn
becomes trapped inside the sample loop is as felldwStart data capture, 2- Throw nupro
(from on - off) valve (in line before sample valy8} Throw 6-port Valco sample valve, 4-
Replace liquid Mflask with hot bath (turn off liquid Nheater), 5- Re-throw nupro valve (from
off — on), 6- Leave for 30 secs, 7- Re-throw Vaemple valve.
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Table 2.5 A summary of the type of gas, the regulptessure and the approximate flow rate

Gas type Regulator _ Flow rate

pressure (psi) (mL min?)
Carrier gas 5% CHd/bal Ar 70 15
Make-up gas Research Grade:N 3 20
Purge gas CP He 10 30
Dryer gas Zero N 1 65
Isotope storage CP He 1 n/a

The volume of the analysed sample was determinadrgetrically. Syringes were weighed
before and after sample injection with the differenn weight (g) being the volume of the
analysed sample in ml. To flush the purging tube @ean it after each sample, an initial run
of ~4 ml of sample water was injected into the pugdube and left for 4 minutes before being

poured out.

Sample chromatogram

The chromatogram below (Figure 2.13) shows thectlpthe NO peaks obtained from
standard. The black, blue and green peaks areOfonl260 ml and 120 ml of a 1 ppm®
standard, respectively. The fluctuation in the baseébetween 1 and 2 minutes is due to the

throwing of the sample valve.
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Figure 2.13 Typical chromatograms for three difféneolumes of MO standard.
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Calibration

A nitrous oxide standard of 1 ppm (AIR LIQUIDE) wased to calibrate the analytical system.
An aliquot of the standard (10 to 100 mL) was itgecwith a 10 ml airtight glass syringe
(SGE) into the preparation line through a septuigue 2.14) prior to being trapped and then
desorbed into the GC. The quality of the standaad ehecked by injecting about 10 mL of
ambient air on several occasions. Nitrous oxidecentrations for these air samples ranged
from 300 to 350 ppb according to the calibratioreiwhich showed that the standard was of
reliable quality. In each calibration, prior to esfing the standard, several blanks were
analysed to ensure that there was no contaminatigas leaking in the preparation line in the
GC prior to sample analysis.

Table 2.6 shows how different volumes of theONstandards can be used to generate a

calibration model. Concentrations of nitrous oxitthe field drain samples changed over time,

with generally lower MO concentrations in the summer compared with autanthwinter.

Hence, different volumes of standard were injectecbrding to season.

Table 2.6 An example of different standard volumesd to generate an® calibration

M

Volume

M)

Number of

RuUN 2:'? Purge Standard Lab of Volume molar Nug;ber Area er:r?l;
Date no ressure Time conc. temp standard of injected Iniected (Arb. (Arb
- P (min)  (ppm)  (°C)  injected standard  (PV/RT) / unit) D.
(Pascal) (ml) m M) (nM) unit)
16.01.14 2814 101325 10 blank 18 0 0 0 0 27.9 0
16.01.14 2815 101325 10 blank 18 0 0 0 21.5 0
16.01.14 2816 101325 10 blank 18 0 0 0 0 26.1 0
16.01.14 2817 101325 10 1 18 20 2E-11 8.37134E-10.837034 2399.8 2374.633
16.01.14 2818 101325 10 1 18 40 4E-11 1.67427E-09.674269 46225  4597.333
16.01.14 2819 101325 10 1 18 60 6E-11 2.5114E-09 511203 6909.7 6884.533
16.01.14 2820 101325 10 1 18 10 1E-11 4.18567E-10.418867  1358.2  1333.033
16.01.14 2821 101325 10 1 18 80 8E-11 3.34854E-09.348537 9199.6 9174.433
16.01.14 2822 101325 10 1 18 100 1E-10 4.18567E-09.185672 11168.5 11143.33
16.01.14 2823 101325 10 1 18 10 1E-11 4.18567E-10.418867  1246.5 1221.333
16.01.14 2824 101325 10 1 18 10 1E-11 4.18567E-10.418667 1391.9 1366.733

R = gas constant = 8.314472 Jiiof, Temperature (kelvins) =Temperature (celsius+Z)3.1
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4.5 - y=0.0000000013x? + 0.0003630606x - 0.0499667095
R?=0.9996468212

0.0 T T T T T 1

0 2000 4000 6000 8000 10000 12000
Area (arb. unit)

Figure 2.14 Example of calibration line for thealat Table 2.6.

Precision, accuracy and limit of detection

In each calibration, a given volume of standardnradly 10 ml, or water sample was injected
three times to obtain the instrument precision. pieeision of standards ranged from 0.2% to
5.8% with an average variance of 1.2% (determin@u fepeat analysis of 3 constant volumes
of standard). The precision of-8 concentration in the water samples was foundaity v
between 0.3% and 3.0% with an average variancéofital.5% (determined from repeat
analysis of 8 water samples taken at the sameamdeplace). This is very comparable to the
precision (2.5%) calculated by Outram and Hiscd®&1@) who used the same instrument.
Instrument accuracy was measured by calculatingdifierences between measuredON
values (calculated from the calibration equatiamj actual NO content of a standard divided
by the actual BD content of the standard. The accuracy calculagzd for the entire study

was +3%.

(Miller and Miller, 1993) discuss the definition détection limit. The definition used here is
that the limit of detection is an analyte concetitrathat gives a signal equal to the blank signal
plus three standard deviations of the blank. Cattns using a number of blanks (and
calibrations to convert the blank signal to a cgprnding NO concentration) suggest that the
limit of detection was about 0.13 nM (0.004 ug M LMiihlherr (1997) who utilised the same
instrument quoted a limit of detection of 0.01nMhid'is approximately 13 times lower than
the value calculated in this study, but there islabnition of the limit of detection Muhlherr
used.
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2.3.3 Statisticsanalysis

The independent-sample t-test was used to exammsignificant difference between two
groups of data. A combination of one-way analy$isaoiance (ANOVA) with the assumptions
of approximately normally distributed data and puost tests (LSD) were used to compare the
levels of significance among several treatmente&lor more groups of data). For these tests,
a significance level (p-value) of 0.05 was used.s#dtistical analyses were performed using
SPSS for Windows® (version 20.0). Variations inadatte given as standard errors. Microsoft
Excel was used to plot the data and to calcul&éttied regression lines and their associations.
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Chapter 3: EFFECTS OF COVER CROP AND REDUCED
CULTIVATION ON SOIL QUALITY

3.1 Introduction

The need for sustainable management approachesygmve soil quality and increase
agricultural production has been stressed by mamgies in light of an increasing world
population and climate change (Komatsuzaki and Ok®87; Abdollahi and Munkholm,
2014). Soil quality is defined by Karlen et al. 979 as the capacity of a specific kind of sall
to function, within natural managed ecosystem baued to sustain plant and animal
productivity, maintain or enhance water qualityd asupport human health and habitation.
Inappropriate use sometimes causes soil degradatiarh is one of the most critical threats
facing mankind which not only lessens the prod@ctiapacity of an ecosystem but also effects
overall climate. It is estimated that soil degramiahas already affected more than two billion
hectares of land globally at a rate of 8-9 milllmany* (Alam, 2014). Mechanisms that cause
soil degradation include physical, chemical, amaddgical processes. Major physical processes
are declines in soil structure leading to crustiegmpaction, erosion, desertification,
environmental pollution and unsustainable use dfinah resources. Important chemical
processes include acidification, leaching, saltmseand reduced fertility. The most important
biological processes include a reduction in totantass carbon and declines in land
biodiversity (Eswaran et al., 2001). Thus, agriadtcontributes significantly in deteriorating
soil quality. However, nowadays, people have comenderstand that agriculture should not
only be high yielding, but also sustainable anddhg new approaches such as conservation

agriculture are developed.

Elements of conservation agriculture include coveséwn tillage, crop rotation and cover
crops. Several studies have assessed the effediffepént conservation agriculture elements
on soil quality individually, but few studies hasssessed the impacts of conservation tillage
combined with cover crops. Therefore, the novekaspf this study was to assess the effects
of alternative cultivation regimes combined withveo crop on different parameters of soll
guality. Conservation tillage, such as direct drdllglobally accepted as an effective approach
for protecting the soil from structural degradatiammd erosion (Abdollahi and Munkholm,
2014). It has been commonly observed that diffetdlsige systems have affected soil
properties. Conservation tillage has been shovimcte@ase aggregate stability, organic matter

content, biological activity and soil strength (Bteez et al., 2001, Six et al., 2002; Mijangos
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et al., 2006). On the other hand, increased bulksitle and increased accumulation of
phosphorus (P) and acidity near the soil surfasehe®n reported as disadvantages of direct
drill (Andraski et al., 2003; Dolan et al., 2006al&t al., 2007).

In addition to conservation tillage, the incluswinwinter cover crops in spring crop rotations

may deliver a range of important ecosystem beneWlimter cover crops scavenge soil

nutrients and reduce nutrient leaching into theaurding aquatic environment (Jackson et al.,
1993; Fageria et al., 2005; Gomez et al., 2009rdwved soil quality and carbon sequestration
have also been observed in the presence of comps ¢Mutegi et al., 2013). The presence of
cover crops during autumn and winter when heawyfallievents frequently occur also helps

to prevent erosion and compaction by reducing splash dispersion of the soil surface. They
also help to reduce crusting by intercepting tmgdaain droplets before they can strike and
compact the soil surface (Stagnari et al., 201@yedver, the significant effects of cover crops
on nitrate loss has led some countries to incladerccrops as a key element in their national
strategy to reduce nitrate leaching (Munkholm ameh$€n, 2012). No major disadvantages of
cover crops on soil quality are known. However,a@n has been raised over the potential
negative effects of cover crops to the followingyield. Cover crops may create N deficiency
for the next crop if too much N is immobilised amat released in a timely manner (Fageria et
al., 2005). Therefore, it was hypothesised in shigly that alternative cultivation regime such
as minimum tillage and direct drill combined witle@er crop would improve the overall soil

quality.

3.2 Results and discussion

3.2.1 Particlesizedistribution

The patrticle size distributions as a percentagseaofl, silt and clay for the 144 soil samples
collected at three soil depths are shown in Figule Samples from topsoil (0-30 cm) are
concentrated in a relatively small area in thedgrmliagram and most of them have clay loam,
sandy loam, sandy silt loam and sandy clay loarntexiure, with only one clay soil texture
sample and no sand soil texture. Conversely, sangpléected from the deeper soil (60-90 cm)
are scattered in a relatively large area of tlamgie, with many clay and sand texture samples.
This means that the texture of topsoil in the tielels is more homogeneous than the deep soill
layer. This might be due to cultivating the topl $ayers that homogenised the soil over years.
The greatest variations occur in the clay and $aations, particularly in the deeper soil layer,

with very little variation in the proportion of sgized material.
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Figure 3.1 Particle size distribution of 0-30 cnptie(top left), 30-60 cm depth (top right), and @Dem depth
(bottom).

Spatial variation of soil fractions in the topsoflthe study area was visualised by using the
data of all three soil fractions. The data of e#elttion were interpolated via kriging in
ArcGIS10.1 and then the interpolated maps were ositg banded. The distribution of soil
fractions in the topsoil (0-30 cm) are shown ind&3.2. Red colour indicates sand-dominated
soil texture and blue colour represents soil witlhttlay content. Sheds Field and the southern
part of Moor Hall Field show a reddish colour iratiag high sand content. The eastern part
of Swanhills and north-eastern part of GateHousenélyields possess relatively high silt
content. On the other hand, Potash and the weséetiof GateHouse Hyrne fields have bluish

colours indicating a soil with high clay content.
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This result corresponds well with the electricaindoctivity scan of these same fields
(Appendix A2). The electrical conductivity of soithanges depending upon the porosity and
the amount of moisture held by soil particles. Samalve low conductivity, silts have medium
conductivity and clays have high conductivity. Cemsently, electrical conductivity correlates
strongly to soil particle size and texture (Grissal., 2009). Low electrical conductivity zones
located in areas with high sand content and higttetal conductivity contours coincided with

areas of high clay content.

Legend

B sand
[ sit
I c-y

+«  Soil sampling location

Figure 3.2 Distribution of soil fractions in the3@-cm soil depth.

3.2.2 Soil mineral nitrogen (SMN)
3.2.2.1 Soil nitrate
Results for soil extractable nitrogen (reportet@s-N) in the topsoil are shown in Figure 3.3

and Figure 3.4. Soil nitrate concentrations weresmnificantly (p > 0.05) different among
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the three treatments for the same sampling dais.niéans that in the topsoil, the cover crops
and conservation tillage did not significantly redwsoil nitrate compared to the no cover crop
and conventional tillage fields. After the winteheat harvest and before cover crop planting
in September 2013, soils in all three treatmentktha highest nitrate concentration (>5 mg N
kgl). This was because some nitrate was left over fitmmprevious crop and had not been
leached. Soil nitrate concentration decreased aatiglly from September 2013 to February
2014 in all three treatments from values of >5 mdgd\N to values of <3 mg N k§ The
decrease in solil nitrate in bare fields over autumay have been due to leaching losses as a
large amount of rainfall occurred during the autufiigure 4.1). Additionally, the decline of
soil nitrate in the two cover crop treatments cwgtumn may have been due to the uptake of
potentially leachable soil nitrate by the growirayer crop. Evidence for this is provided by
leaf and root nutrient analysis of the cover copsctv showed that the average N content
contained in both leaf and root was 76 kg N f@able 3.1). Other studies have found a
significant reduction in soil nitrate by radish eowcrops compared to bare soil in the topsoil
layer. Jackson et al.(1993) found that soil undexdish cover crop had a soil nitrate value of
only 2 mg N kg!,whereas this figure was approximately 28 mg Nty bare soils at 0-15 cm
depth.

Table 3.1 Oilseed radish leaf and root analysisudey 2014)

N content N content N _Ic_gPatlent Dry matter yield  Dry matter yield Dry mr?)tttglr yield
(kgLﬁ"ﬁal) (g Ny (leaf & rood (tLﬁZI) e (leaf & root)
(kg N hat) (t hal)
64 12 76 2.11 0.61 2.72

The data presented here showed that there wasgndicant difference in soil nitrate
concentrations between cover crop fields and baik fields after the cover crop was
incorporated into the soil (i.e. results from J2014 sampling). Soils from cover crop & direct
drill treatment surprisingly had a lower mean rérdevel after cover crop incorporation
compared to the control (no cover crop & converdloplough) treatment. The expected
increase of soil nitrate after cover crop incorpiorais because the trapped nitrogen stays in
the soil and becomes available to the next cropnwhe plant decomposes in the spring.
Contrary to the findings in this study, many stsdieund that soil nitrate increased in cover
cropped fields compared to bare soil after incaapon. Jackson et al. (1993), for instance,
noted that solil nitrate concentrations in covepgutots were significantly higher than in bare

soil by day 37 of the post-incorporation date. Kn@dt996) also found that in all three
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experiments, levels of soil mineral nitrogen (SMafjer peas were sown were consistently
higher after cover crop incorporation than afteelsubble. Justes et al. (1999) also noted that
after its incorporation, mineralisation of nitrogerthin the radish cover crop increased SMN
content. The absence of a significant increaseiinngtrate concentrations after cover crop
incorporation in this study may be due to the that soil samples were collected four months
after incorporation and soil nitrate might haverbtaken up by the following crop during that

time.

Again, there were no statistically significant ditnces in soil nitrate among treatments for
both soil sampling dates (i.e. February 2015 amg 2015) in the second year. This confirms
the results from the previous year that conseruatidage did not significantly affect soll
nitrate levels compared to conventional tillagen&ally, soil nitrate was lower in the second
farming year than the first farming year in bottbfegary and July. This might have been due
to the type of crops planted. In the first farmy®ar, when leguminous spring beans were
grown, soil nitrate levels at both sampling datesenhigh, potentially due to the ability of
spring beans to fix atmospheric nitrogen. Consetlyesoil nitrate is unutilised by spring
beans. Conversely, in the second farming year wbedeguminous winter wheat was grown,
soil nitrate in both sampling dates were relativiely, potentially due to the ability of wheat

to scavenge nitrate from soil profile.
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Figure 3.3: Spatial variation of soil N@oncentration for the five soil sampling occasions
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Figure 3.4 Soil nitrate concentrations at 0-30 @pth recorded in the three mitigation treatmentfvensoil
sampling occasions. Error bars represent the staredeor.
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Even though the reduction of topsoil soil nitrayecover crops was not significant (p > 0.05)
compared to bare soil, the cover crop did signifia(p < 0.05) deplete soil nitrate in the
deeper soil layers (i.e. 30-60 cm and 60-90 cm)p=aoed to bare soil (Figure 3.5). Soil from
three depths was sampled in February 2014 wherr coeps were present in the seven fields
and the other two fields were bare. Cover cropsced soil nitrate in the topsoil (2.83 N mg
N kg') compared to bare soil fields (3.04 mg Nikgout the difference was not statistically
significance (p > 0.05) (Figure 3.3 and Figure 3dhwever, the significant effect of the cover
crop started appearing in the two deeper soil l@®in which soil nitrate was reduced from
(3.76 to 2.18 mg N k@ at 30-60 cm depth and from (3.54 to 0.76 mg N)kay 60-90 depth.
Thus, compared to bare soil, cover crops reducgdis@te by 7%, 42%, and 79% 0-30

cm, 30-60cm and 60-90 cm soil depths, respectividlis significant decline of soil nitrate in
the deeper soils is related to the type of covep @lanted here. Oilseed radish has a thick,
deep root that can help break up compacted s@rsagnd scavenge nitrate that has leached
beyond the rooting zone of other crops. This abdit scavenging nitrogen from deep in the
soil profile offers radish cover crops an extraatage compared to other cover crop varieties
because the nitrate in deeper soil layers is baasdgn up by crops, so eventually it is more

likely to leach into groundwater or field drains.

Soil nitrate (mg N kg?)
0.0 1.0 2.0 3.0 4.0 5.0

0

—@— no cover crop & conventional plough (control)
10 A cover crop & reduced tillage
—@i— cover crop & direct drill
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Figure 3.5 Mean of soil nitrate in three soil degftin soil samples collected in February 2014 @weing cover
crop growth) in the three treatments. Error baresented by standard error. Note: the cover crapted in
both treatments substantially depleted soil nithatdne deeper soil layers relative to the cortirehtment.
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3.2.2.2 Sail available nitrogen

Available total nitrogen in the 30 cm soil profieshown in Figure 3.6. Available nitrogen
was not significantly (p > 0.05) different among tthree treatments for the same sampling
date, which again illustrates that the implementeitigation measures did not have a
substantial impact upon available nitrogen. Theperal trends in available nitrogen were very
similar to that observed for soil nitrate. Soil dalle nitrogen post-harvest (September 2013)
was relatively high, with mean values for threddeof 33 kg N ha. Levels then declined in
all experimental fields to a mean value of 17 kfya. Like soil nitrate, this decrease in the
bare control treatment (no cover crop & conventigghaugh) may be due to leaching and in
the cover cropped treatments due to scavenginigeogdver crop itself (Stivers-Young, 1998).
Thus, the amount of soil nitrogen that was takeyhe cover crop in the 30 cm soil profile
was approximately 17 kg N HaOilseed radish does not fix nitrogen, so altsficcumulated
nitrogen content was obtained from the soil. Thaesfof the total nitrogen content of cover
crop of 76 kg N hd (Table 3.1), 17 kg N hawere scavenged from the 30 cm soil profile and
the remaining amount of 60 kg N-ha@ame from deeper soil profile. This emphasises the
effectiveness of scavenging N from deep solil laygrsilseed radish, thus making it a highly
effective cover crop for preventing N leaching. Bueductions in soil mineral nitrogen by
cover crops has also been noted in other studlisses et al (1999) found that the presence of
a radish cover crop markedly depleted the minatalgen content of the soil compared to bare
soil, particularly in the upper two layers where tioots are present. They found that radish
cover crops decreased soil mineral nitrogen in#i20 cm depth from 70 kg N fan
September to ~30 kg N fian March, whereas this figure stayed relativebbs within that

period for bare soils.

Soil nitrogen did not significantly increase aftever crop incorporation (February 2014 to
July 2014). Again, this may be related to the sarhpling occurring four months after cover
crop incorporation. Similar to the reduction inlsmailable nitrogen from September 2013 to
February 2014, soil available nitrogen over autureduced notably from July 2014 to
February 2015 in all three treatments. This loseimbgen from the soil profile throughout
autumn/winter is presumably due to leaching losses great amount of rainfall occurred
during that period (Figure 4.1). A noticeable irage was observed from February 2015 to July
2015 in all treatments perhaps due to the appliei@riMisers. Similar to soil nitrate, soil

available nitrogen was generally lower in the secfamming year than the first farming year
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in both February and July. As discussed aboventigdit be due to the type of crops grown in
that year.
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Figure 3.6 Soil available nitrogen at 0-30 cm deptthe three mitigation treatments during five ging dates.
Error bars represent the standard error.

3.2.3 Soil macronutrients

3.2.3.1 Sail Organic Carbon

For the 144 topsoil samples collected prior todkperiment (May and September 2013), the
soil organic carbon (SOC) was analysed along waitih texture to understand the overall
condition of the study area. The SOC values welatively low (median 1.28%) when
compared to a median for the East Anglian regioganeral (2.24 %) based on analyses of
2,858 topsoils samples collected between 2002 &% ZRawlins, 2011). In their paper,
Loveland and Webb (2003) cited 2% as a threshdtmhb@hich many soil scientists believe a
potentially serious decline in soil quality will@gr. In this study, 86% of sampled soils on the
nine fields had SOC values below 2%, indicatinggeptial threat to long-term soil quality.

The measurements of soil organic carbon in 144 ksnim topsoil (0-30) were interpolated
by ArcGIS10.1 and treatment kriging to illustrapasal variation (Figure 3.7). It is observed
that zones of low SOC (green zones) generally ab@acwith soil of high sand content (Figure
3.2), whilst zones of higher SOC generally matcivéti areas of high clay and silt content.
Soil organic matter and thus SOC, tend to incrgafeincreasing clay content. This increase
depends on two mechanisms. First, bonds betweesutti@gce of clay particles and organic

matter delay the decomposition process. Second,ptiential for aggregate formation
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increases with higher clay content. Thus, macraegaes physically protect organic matter
molecules from further mineralisation caused byrob@l activity (Rice, 2002; Bot and
Benites, 2005). Power and Prasad (1997) mentidradunhder similar climate conditions, the

organic matter content in fine textured (clayeylssis two to four times that of coarse textured
(sandy) soils.
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Figure 3.7 Soil organic carbon distribution in tbpsoil (0-30 cm) for 144 soil samples collectedv/iay and
September 2013.

The percentage SOC can be converted into mega-dianson) of carbon per hectare (Mg
ha?), which is commonly used for presenting SOC dayaaking the bulk density and depth
of soil sampling into consideration. During the esipent, no significant (p > 0.05) difference
in SOC was observed in the treatments for the samngling dates (Figure 3.8). Among the
three treatments in September 2013, control tre@tim® cover crop & conventional plough)
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had the highest SOC of 89.1 Mghdollowed by treatment (cover crop & reduced Gk
with a value of 81.8 Mg haand treatment (cover crop & direct drilling) hé fowest SOC
value of 76.2 Mg ha Regardless of the differences in farming prastitkis order of SOC
content of the three treatments was repeated ifotlmaving three sampling rounds. This is
probably because soils in control treatment (noecawop & conventional plough) are
predominately clayey soils and soils in treatmeavér crop & direct drilling) are largely
sandy (Figure 3.2) and as mentioned earlier, clapdyg tend to contain a higher percentage of

SOC than sandy soils.

Over time, there was a general trend for a slightdase in SOC content of each treatment.
The SOC in treatment (cover crop & direct drillinfgr instance, increased from 76.2 Mg ha
Lin September 2013 to 80.2 Mg ha February 2014, 83.8 Mg Han February 2015 and
finally 88.6 Mg ha in July 2015. Thus, the mitigation measures pcadtii.e. cover crop and
direct drill) increased SOC by 12.4 Mghwithin two years of experimentation (September
2013 to July 2015). This may be partially due t® iticorporation of cover crops into the soils
as approximately 2.7 Mg Haof biomass was added into the soil and the bionefss
undisturbed on the soil surface (Table 3.1). SO0 aicreased in treatment (cover crop &
reduced tillage) from 81.8 Mg Han September 2013 to 90.8 Mghlay July 2015, an increase
of 9.0 Mg ha'. Thus, the mitigation measures practiced in tidatment (i.e. cover crops and
minimum tillage) perhaps generated this increaseOC. Surprisingly, SOC also increased in
control treatment (no cover & conventional plouglthin that two years of the experiment by
6.8 Mg hat. Therefore, cover cropping, minimum and dire¢agie may not be the only cause
for the observed slight increase in SOC, as thusese also occurred in the control treatment.
However, it is worth noting here that as the degfesoil disturbance decreased, the increase

in SOC became greater.

The results presented here are in agreement vatimtionsistent results of the effects of cover
crops and conservation tillage on SOC in the litega Govaerts et al. (2009) conducted a
literature review to identify the influence of tgferent components comprising conservation
agriculture on SOC. In 7 out of 78 cases, the S@@ent was lower in zero tillage compared
to conventional tillage; in 40 cases it was higinad in 31 of the cases there was no significant
difference. The mechanisms that govern the balbateeen increased, similar, or lower SOC
after conversion to zero tillage are not yet fullyderstood. Six et al. (2002) found a greater
accumulation of SOC in the topsoil with no-tillagempared to conventional tillage. They

stated that this greater accumulation of SOC in pereduced tillage can be related to the lack
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of soil disturbance and a better preservation @regates in reduced tillage compared to
conventional tillage. It was concluded in a long¥ie(19 years) comparative study of
conventional tillage to no-tillage and fallow toveeal winter cover crops by Calegari et al.
(2008) that no-tillage resulted in a 6.84 Mgthacrease in SOC in the upper soil layer (0-10
cm), which represented 64% more than conventidtede. Also, fallow treatment (regardless
of tillage types) resulted in the lowest SOC staak40 cm depth compared to all other winter
cover crops. The higher SOC in no-tillage was pitdiéiy a result of organic residues left every
year on the soil surface, no soil disturbance aatehsed contact with soil microorganisms.

Although the increase in SOC observed in this twarystudy through implementing cover
crops and reduced tillage/direct drill was smalirmignificant, perhaps the real increase will
be observed after a few years of continuing theegrpent. Lal et al. (1998), supported by the
results from Franzluebbers and Arshad (19964, lijewed that there may be little to no
increase in SOC in the first 2-5 years after a geaim management practice, but will be
followed by a larger increase in the next 5-10 ge®drest and Post (2002) concluded that SOC
was generally increased by no-tillage managemexttpbserved a delayed response, with a
substantial increase observed in years 5-10. Cdimgtbed. (2000) found that a measureable

gain in SOC could be detected in 6 years or lenwleather condition were favourable.

M no cover crop & conventioal plough (control)
cover crop & reduced tillage
M cover crop & direct drill

120

100

80 A

60 -

40

Soil organic carbon ( Mg hal)

Sep. 2013 Feb. 2014 Feb. 2015 Jul. 2015
Sampling dates

Figure 3.8 Soil organic carbon (SOC) content aO@&i® depth in the three treatments on four sampling
occasions. Error bars represent the standard error.

59



3.2.3.2 Soil phosphorus

Extractable phosphorus (P) concentrations for tb§8el5 cm) are presented in Figure 3.9.
According to Horneck et al. (2011), who classifsalls based on P concentration into four
categories (low, medium, high and excessive), mbshe soils in the study area are in the
medium range (10-25 mgY and in the lower end of the high range (25-50Lmy Very few
soils were in the excessive (>50 mg)lrange and no soil was in the low (<10 m§ kange

of P level. No major increase or decrease in Pl as observed in individual soil sampling
locations over time. Soils with medium P concemtrgtsuch as First and Far Hempsky fields,
remained relatively constant over time and soihwitgh P levels, such as Sheds Field and

Moor Hall Field, remained relatively high over time
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Figure 3.9. Spatial variation of soil P concentmaton four sampling occasions.

Accumulation of P in surface soil was greater atment (cover crop & direct drill) and
treatment (cover crop & reduced tillage) than imtedl treatment (no cover crop &
conventional plough) on all four soil sampling da€able 3.2). During the experiment when
cover crops were present in the fields (i.e. Fetyr@@14), P concentrations were significantly
(p < 0.05) higher in treatment (cover crop & redlitbage) (27.4 mg 1) and treatment (cover
crop & direct drill) (26.2 mg 1) than in control treatment (18.0 mgh). The lower value of P
in the control treatment may be due to erosionlaaching as the soil was left bare during the
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winter, whereas cover crops in the measures fiptdtected the soil from the erosion and
retained P in the soil. This higher P concentratiotreatment (cover crop & direct drill) and
treatment (cover crop & reduced tillage) was albeseoved in both February 2015 and July
2015. Moreover, no significant difference in P caemtcation between treatment (cover crop &
reduced tillage) and treatment (cover crop & diddt) was recorded for any of the sampling
dates. The results here show that the cover cropextuced tillage retained the soil P level in
topsoil compared to conventional practices. Itl$® apparent that different types of reduced
tillage (minimum tillage and direct drill) exertealy minor differences on topsoil P levels.

Several studies have reported higher extractalded?s in reduced tillage soils compared with
tilled systems, largely due to reduced mixing obgphate fertiliser within the soil, which
causes lower P- fixation. This is an advantage whena limiting nutrient of crop growth, but
may be a danger when P is an environmental protleato the possibility of soluble P losses
in surface runoff (Duiker and Beegle, 2006). InCaykar study, Matowo et al. (1999) found
significantly higher extractable-P concentratiamso-tillage compared to tilled soil in the top
5 cm. Andraski et al (2003) also found that longrteero-tillage produced significantly higher
concentrations of soil P in the soil surface (0¥9,owvhereas P levels were decreased at the 5-
15 cm depth compared to conventional tillage. Zhkwmlet al. (2002) stated that while P levels
in conventional tillage were lower in top 8 cm tharder conservation tillage, it was higher in
the lower depths than in corresponding depths ofservation tillage. This suggests a

redistribution of P with time toward the surfaceconservation tillage.

Cover crops can present several potential oppaitgnand challenges for P management in
agricultural systems, including remediation of essieely high soil P, increased concentration
of P at the soil surface and improved fertilitylofv P soil. If agricultural land is excessively
high in P, then P transport from these areas torakvaters is one of the primary causes of
eutrophication (Boesch et al., 2001). The concéntraf P in soil can be depleted with time
by reducing the use of P containing fertilisers le/lontinuing to remove P from the soil
through harvested cover crops and main crops. ©mwttier hand, cover crops are allowed to
decompose at the soil surface in no-tillage systehish may lead to an accumulation of P at
the soil surface where it is susceptible to lossbsface runoff and erosion (Brown, 2006;
White and Weil, 2011). The effects of cover cropsoin soil is less documented compared to
the tillage effect on P. White and Weil (2011) net that P concentrations were lower in soil

without cover crops than in soils under a covepcithey recommended further studies be
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conducted to determine if cover crops could in@eRsemoval rates in excessively high P

soils or increase P availability in low P soils.

Table 3.2 Mean soil phosphorus (P) concentratiofsl®d cm depth in the three mitigation treatmédatgour
soil sampling dates. Means followed by differerpenscripted letters are significantly different<(;9.05) for
the same sampling date. Means followed by diffeseperscripted numbers are significantly differgnt

0.05) for the same treatment. SE is standard error

Sep. 2013 Feb. 2014 Feb. 2015 Jul. 2015
P P P P

Treatments (mgL?') SE (mgLY) SE (mg LY SE (mgL') SE
No cover crop &
Conventional plough  21.4! 2 18.¢¢¢ 2 22.92 3 26.91 4
(control)
Cover crop & 2093 3 2741 3 3000 4 2920 3
reduced tillage
Covercrop &direct 5430 3 26.21 2 330 3 3.1 3

drill

3.2.3.3 Sail potassium

Topsoil (0-15 cm) extractable potassium (K) concians for the three field treatments are
shown in Table 3.3. According to (Horneck et aD12), who classified soils based on K
concentration into four categories (low, mediunghhand excessive), the majority of soils
have low (<150 mg t) K levels, a few are in the medium (150-250 m{) tange, whilst there

are no soils with either high (250-800 mg)lor excessive (>800 mg*). K concentration.

Before the experiment (i.e. September 2013), soilseatment (cover crop & reduced tillage)
had the highest K concentration (128 ni¢) lcompared to the other two treatments, whilst
treatment (cover crop & direct drill) had lower Kncentration (103 mg) than control
treatment (111 mgt). However, five months later when the cover cragse growing (i.e.
February 2014) this order of treatments change@vils were significantly (p < 0.05) higher
in both (cover crop & reduced tillage) (144 md)land (cover crop & direct drill) (129 mg L

1y treatments than in control treatment (95 mY.LSimilar to P concentrations , this lower
value of K in the control treatment may be duerts®n and leaching given that the soil was
left bare over winter, whereas the cover crop m rtieasures fields protected the soil from
erosion and retained K in the soil. This higherdfeentration treatment (cover crop & direct
drill) and treatment (cover crop & reduced tillagg@mpared to control treatment was also
observed in both February 2015 and July 2015.
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A minor difference in K concentration between tneant (cover crop & reduced tillage) and
treatment (cover crop & direct drill) was recordadall four sampling rounds, meaning that
different types of reduced tillage (reduced tillaaged direct drill) potentially created minor
differences in K level in the topsoil. Moreoverjdtalso observed that before the experiment,
treatment (cover crop & direct drill) had the low&slevels among the treatments with 103
mg L%, but that over time with implemented field measurethis treatment ( i.e. cover crop
and direct drill) this treatment became the higmegtirding K concentration (130 mghL It

is apparent from the comparison between contratirent and treatment (cover crop & direct
drill) from the first to the last sampling dateathK levels in the topsoil decreased by 15 mg L
L within two years in control treatment which maychee to erosion. Conversely, in treatment
(cover crop & direct drill), K concentration incssal by 27 mg t which is likely due to the
prevention of leaching and erosion by the covepcaod non-disturbance through direct
drilling. Therefore, the data here indicate thateracrops and reduced tillage retained higher
soil K levels in topsoil compared to conventionedgiices. It is also observed that direct drill

practices tended to retain a greater amount of tkertopsoil than reduced tillage.

Many studies have observed higher extractable Kemmnation in reduced tillage systems than
under conventional tillage. Minimum tillage retaismsd increases the availability of nutrients,
such as K, near the soil surface where crop rowtifgrate (Franzluebbers and Hons, 1996).
Moreno et al. (2006) also observed that accumulatad K in the surface soil (0-10 cm) were
greater in conservation tillage than under conweexaii tillage. Other studies have found higher
extractable K levels at the soil surface as tillagensity decreases (Lal et al., 1990; Ismail et
al., 1994). Shallow incorporation of crop residuneieduced tillage may have resulted in higher
amounts of K at the soil surface compared to cotmeal tillage. Du Preez et al. (2001)
observed an increased concentration of K in nagél systems compared to conventional
tillage, but this was less pronounced with deptbm& other authors have found surface
accumulation of available K regardless of the gd#lgractice employed (Duiker and Beegle,
2006), while Matowo et al. (1999) observed no nietadffect of tillage on available K
concentration. In agreement with the findings héiai, (1999) noted that K levels in soils (0-
15 cm) under five different cover crops were apiatelg improved compared to bare soil in a
five-year cover cropping experiment. Abdollahi aidnkholm (2014) also found that cover
crops significantly increased K content at the CeftDsoil depth and similar trends were also
observed at 10-20 cm depth. In contrast to thdteefaund in this study, Fourie et al. (2007)
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found that cover cropping had no significant effent extractable K in a study of sixteen

treatments in comparison with no cover crop.

Table 3.3 Mean soil potassium (K) concentratior®a5 cm depth in the three treatments for four sainpling
dates. Means followed by different superscriptétdie are significantly different (p < 0.05) foeteame
sampling date. Means followed by different supépsed numbers are significantly different (p < 0.0& the

same treatment. SE is standard error

Sep. 2013 Feb. 2014 Feb. 2015 Jul. 2015
K K K K

Treatments (mgL?') SE (mgLY) SE (mg LY SE (mgL') SE
No cover crop &
Conventional plough 1122 8 g1 9 120 13 96! 13
(control)
Cover crop & 1281 10 1442 g 1472 8 1200 7
reduced tillage
Covercrop &direct ;55 g 12012 g 1572 12 1302 14

drill

3.2.3.4 Soil magnesium

The data of soil magnesium (Mg) concentrationspesented in Table 3.4. According to
(Horneck et al., 2011), who classified soils basedMg concentration into three categories
(low, medium and high), the majority of the soiv/h low (<60 mg 1) Mg levels, a few are
located at the lower end of the medium (60-300 mMyrange and no soil samples have high
(>300 mg [Y) Mg levels. Before the experiment in September32@bntrol treatment (no
cover crop & conventional plough) had the highesamMg levels at 58.3 mg?_followed

by treatment (cover crop & reduced tillage) (53.¢ Im") and treatment (cover crop & direct
drill) (48.9 mg L'Y). During the cover crop trials (i.e. February 20T major change occurred
in mean Mg levels in any of the treatments, witimtoal treatment still having the highest
concentrations and treatment (cover crop & direitt) dhe lowest. The same was true for the

third and fourth sampling dates.

The results here show that cover cropping and estludlage did not increase Mg
concentration in the topsoil. A high level of Mgarcertain treatment remained high regardless
of different agricultural practices, whilst a lowgMevel in a certain treatment stayed low
irrespective of cover crops and tillage operatidiige results also show that unlike P and K
which eroded and leached in the bare solil treatha@rihg the winter, Mg concentrations were

retained in a bare soil and were not reduced bgi@ncor leaching.
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The findings in this study are in agreement witidings from a majority of other studies on
the effects of tillage and cover crops on soil Mgtent. Verhulst et al. (2010) in an extensive
report stated that most research has shown tlegdimethod does not affect extractable Mg
levels in the soil. Duiker and Beegle (2006) albsayved no significant tillage effect on Mg
content nor on its vertical or horizontal strasfion. Franzluebbers and Hons (1996) found no
significant effect of tillage on extractable Mg.ldck of tillage effect on Mg in soil was also
observed by several others (Lal et al., 1990; Hallegand Entwistle, 1997; Govaerts et al.,
2007). Matowo et al. (1999), however, observed éigixtractable Mg concentration with

conventional tillage than with zero tillage, altighuthey could not explain this finding.

Table 3.4 Mean soil magnesium (Mg) concentratidr®E5 cm depth in the three mitigation treatmdatgour
soil sampling dates. Means followed by differerpesscripted letters are significantly different<(;9.05) for
the same sampling date. Means followed by diffesaeperscripted numbers are significantly differgn

0.05) for the same treatment. SE is standard error

Sep. 2013 Feb. 2014 Feb. 2015 Jul. 2015
Mg Mg Mg Mg
Treatments (mg L) SE (mgL?Y SE (mg LY SE (mgL') SE
No cover crop &
Conventional plough  58.3 5 63.71 6 65.71 7 57. 71 5
(control)
Cover crop & 53.4L 3 53.00 4 5221 4 5120 3
reduced tillage
Covercrop &direct 4o ga 1 5261 3 50.9 4 4G 3

drill

3.2.3.5 Sail sulphate

Results for soil extractable sulphate (reporte®@sS) concentration are presented in Table
3.5. According to (Horneck et al., 2011), who cifasd soils based on S@oncentration into
four categories (very low, low, medium and higlne tmajority of soils in the study had a
medium (5-20 mg 1) concentration, a few were within the low (2-5 iid) range and no

samples had either high (>20 mg)lor very low (<2 mg I*) SQ, concentrations.

Soil sulphate concentrations were not significarfy> 0.05) different among the three
treatments at the same sampling date. This meahsdler crops and conservation tillage did
not significantly elevate soil sulphate levels e ttopsoil compared to no cover crop and
conventional tillage. After the winter wheat hartvasd before cover crop planting (September
2013), soils in all three treatments had the higbafphate concentration (>8 mgL Soil

sulphate concentrations then decreased betweerrSlegt 2013 and February 2014 (i.e.

during autumn/winter) in all three treatments. Teerease in bare fields over autumn may
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have been due to leaching losses as large amdumaisfall occurred at this time. Additionally,
the sulphate decline in the two cover cropped itneats may have been due to the uptake of

potentially leachable soil sulphate by the growsonger crop.

In 2015, there was again no statistically signifitgq@ > 0.05) differences in soil sulphate among
the treatments for both soil sampling dates (iebrgary 2015 and July 2015). This supports
the results from the previous year that conseruatidage did not significantly affect soll
sulphate levels compared to conventional tillagenil8r to the result here, Franzluebbers and
Hons (1996) observed no change in soil sulphatemnnero tillage compared to conventional
tillage. Szulc et al. (2004), however, recordedhigiest soil sulphate concentrations in deeply
ploughed soil, whilst the smallest concentratiomserobserved under direct drill. The effects
of different tillage systems and cover crops on soiphate level have been less intensively
studied compared to other soil nutrients, perhaps @ the reason that it is one of the
micronutrient in the soil instead of a key macroiaumts for plant growth.

Table 3.5 Mean soil sulphate (§@oncentrations at 0-15 cm depth in the threegatitbn treatments for four
soil sampling dates. Means followed by differerpenscripted letters are significantly different<(}9.05) for
the same sampling date. Means followed by diffesaeperscripted numbers are significantly differgn
0.05) for the same treatment. SE is standard error

Sep. 2013 Feb. 2014 Feb. 2015 Jul. 2015
S-S SOs-S S-S SOs-S
Treatments (mg LY SE (mgL') SE (mgLY) SE (mgLY SE
No cover crop &
Conventional plough 9.9 1.3 6.131 0.5 421 0.2 7.4 0.6
(control)
Cover crop & 82l 0.3 741 08 37 01 7 03
reduced tillage
Covercrop &direct g gy g3 74 08 3.4 03 8.2 05

drill

3.2.4 Soil physical properties

3.2.4.1 Soil temperature

Soil temperature data at three depths for the tinee¢éments are presented in Figure 3.10. Data
from temperature and moisture probes installeday loam soils were selected here as these
provided the most complete data record. Probe nusfif&l3 in control treatment (no cover
crop & conventional plough), probe number 50368@atment (cover crop & reduced tillage)
and probe number 50399 in treatment (cover cropé&ctldrill) were chosen. A maximum soil
temperature of 25.1C was recorded in July 2014 at 15 cm depth inrobmteatment and a

minimum soil temperature of 2.1 °C was recorde@aebruary 2014 at 15 cm depth, also in
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control treatment. In all treatments, no majorefiéinces in soil temperature between the three
depths were observed and it was noted that sopeeatures at the three depths exhibited the
same trends over time. As summer 2015 was approgcfor instance, soil temperatures
gradually increased at all depths correspondirtbeéaradual increase in air temperature. It is
also observed that soil temperature tended toigetlsi lower in the deeper soil layer (75 cm)
than the upper soil layer (15 cm). This is venact®or summer 2014 and summer 2015 when
soil temperatures were consistently lower at 7Sltam 15 cm, but for winter 2014-2015 soil
temperature was higher at 75 cm depth than at 19 amet al.(2013) mentioned thait is
commonly observed that soil temperature is strormglgrelated with air temperature and
decreases with increasing depth below the soiasarfThe strong correlation between air and
soil temperaturesvas also likely responsible for the remarkablectilations seen in the
temperaturef the upper soil layers compared to the deepl@gdrs. The correlation between
air and soiltemperaturels not only recorded in different soil layers laiso observed at
different times. Air temperatures are lower in winthan in summer and soil was also found
to have lowettemperaturesn winter than in summer. For example, the mednevaf soll
temperaturen the top soil layer (15 cm) in control treatmentvinter 2013-2014 was 5%,

whilst this figure was 19.0 °C for summer 2014.

No consistent significant differences in sd#émperaturebetween different mitigation
treatments were observed. The mean values ofesoperaturat 15 cm depth over the study
period were 10.8C, 10.5°C and 12.3C for control, (cover crop & reduced tillage) gedver
crop & direct drill) treatment, respectively. Whartover crop was present (i.e. winter 2013-
2014) on the two treatments, the bare soil treatin&a a soil temperature of 5.5 °C which was
not significantly different from treatment (coveop & reduced tillage) with a soil temperature
of 5.6 °C. In summer 2014, soil temperatures atrh5depth in control treatment (19.0 °C)
were significantly (p < 0.05) higher than in treatmh(cover crop & reduced tillage) (15.2 °C)
and in treatment (cover crop & direct drill) (150). However, in the following summer, no
significant differences in soil temperature weréedoamong the treatments with mean values
of 11.0 °C, 10.9 °C and 11.4 °C for the controbuve@r crop & reduced tillage) and (cover crop
& direct drill) treatments, respectively. Therefoogerall, cover crops and different soil tillage
methods had little effect on soil temperature.

Several studies have been conducted to assessffdue ef different soil management
approaches on saiémperature(Fabrizzi et al., 2005) observed that mean tsoilperatures

were lower under no-tillage than under minimumagk systems. They believed that the
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differences in soitemperaturebetween tillage systems were due to differencesesidue
accumulation on the soil surface. The high sol#ecgvity and low thermal conductivity of
the crop residues prevent an increase of teoilperatureunder no-tillage. Maximum soil
temperatureunder minimum tillage was higher than under nagi, but minimum soil
temperaturavas similar for both tillage systems. Drury et(@aP99) studied sotemperatures
and soil water content under no-tillage and conwveat tillage in corn fields in Ontario with
and without cover crop. They found that no-tillagéh and without cover crop increased soil
water content by 2-5% and reducsdil temperature by-2 °C compared to conventional
tillage. These cooler soil temperatures and higb#moisture contents in no till soils can lead
to poorer seedbed conditions which may result welogermination succeskicht and Al-
Kaisi (2005) found that soiemperatures the top 5 cm under strip tillage were highe{1
1.4°C) than that under no-tillage and they stayed ctogée chisel plough soil temperature.
This increase in soiemperatureontributed to an improvement in plant emergeate index
under strip-tillage compared with no-tillage. Otkardies (Moroizumi and Horino, 2002; Chen
et al., 2011; Liu et al., 2013) recorded highel sanperature under conventional tillage than

under conservation tillage.

It was hypothesised in this study that cover crugpr@duced tillage would improve soil quality.
Increasing (not decreasing) soil temperature igdly favourable for improving soil quality
and crop productivity (Drury et al., 1999). Thuscreasing soil temperature was expected to
occur as a result of having cover crops and redtitage. However, this study revealed that
soil temperature was not significantly influencegdeither cover crops or reduced tillage.
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Figure 3.10 Soil temperature at three depths incEhtrol treatment (no cover crop with conventional
ploughing), (B) treatment (cover crop with redutiddge) and (C) treatment (cover crop with dirddtl).
Note: the gap in the data are due to absence @rtiees in fields because of field operations.

3.2.4.2 Soil moisture

Soil moisture data at three depths for the thesttnents are presented in Figure 3.11. The soill
moisture data were collected using soil moistumbes which recorded soil moisture at nine
soil depths from 10 cm to 90 cm. However, here éfata only three depths (10 cm, 50 cm
and 90 cm) were selected to provide a clear grbjoiike soil temperature which had no
substantial differences at the three depths, itoliaerved that soil moisture showed significant
differences between soil depths. Soil moistureegased with increasing soil depth. It was
consistently higher at 90 cm than at 10 cm. Formge, in treatment 9cover crop & reduced
tillage) during summer 2014, mean soil moistureteots were 18%, 48% and 59% for the 10
cm, 50 cm and 90 cm soil depths, respectively. Myrefater fluctuations were observed in the
upper soil layers compared to deep soil layerglilcorresponding to instant changes in

weather conditions with the upper layers havingaticontact to the atmosphere.

There was no significant difference observed in swisture between the treatments. The

mean values of soil moisture at 10 cm soil deptrewi®%, 23% and 39% for control, (cover
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crop & reduce tillage) and (cover crop & directlidiireatments, respectively, over the study
period. At 90 cm depth these figures were 53%, 88#58% for control, (cover crop & reduce
tillage) and (cover crop & direct drill) treatmentsspectivelyWhen cover crops were present
(i.e. winter 2013-2014) on the two cover croppedtments, the bare soil treatment had a mean
soil moisture of 46% at 10 cm depth which was adersibly higher than treatme(ebver crop

& reduce tillage)(18%) and treatmerftover crop & direct drill24%). This illustrates that
soil moisture tended to be lower under cover cagpspared with bare soils. In summer 2014,
mean soil moisture contents at 50 cm depth were, 38% and 47% for control, (cover crop
& reduce tillage) and (cover crop & direct drilieatments, respectively, which again had no
significant difference. Like soil temperature, fipgared that cover crops and different soil

tillage systems had little effect on soil moistdrging the summer.

Verhulst et al. (2010) believed that conservatilage may increase infiltration and reduce
runoff and evaporation compared to conventionkgd, thereby soil moisture is conserved
and more water is available for crop uptake. A gtoygl De Vita et al. (2007) who assessed the
effects of different tillage methods on soil morstun wheat fields in Mediterranean soils
observed that soil moisture was consistently higimeler no-tillage compared to conventional
tillage. The study showed the importance of sawai) moisture through a reduced tillage
system, particularly in a semi-arid environmentrabterised by low annual rainfall and high
evapotranspiration. Analysis of the water conditimthe soil profiles suggested that for both
studied soils, Fluvisol and Cambisol, during théirenthree year experimental period, the
moisture conditions were better at all depths efdbil profile under reduced tillage than under
conventional tillage. Although the differences werd always statistically significant, soils
under reduced tillage generally had higher soilstuwe compared to conventional tillage
(Stawinski et al., 2012). However, some other studiesijairto the finding of this study, found
no difference. In a study to record the differenicesoil moisture between conventional and
different modes of conservation tillage in a loegat field trial in a temperate climate, Gruber
et al. (2011) observed that different solil tillagethods had little effect on soil moisture. There
was no temporal trend in soil moisture during tkpegiment and soil moisture decreased with
increasing soil depth in most of the treatmentsylbuggested that significant differences
between treatments were difficult to detect becaisgegh variances between years and their
interaction effects. However, slightly higher margt contents were observed in no-till
compared to all other treatments and indicatesffieet of preserving soil moisture by reducing

soil disturbance.
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Figure 3.11 Soil moisture at three soil depthsAindontrol treatment (no cover crop with convengbn
ploughing), (B) treatment (cover crop with redutiddge) and (C) treatment (cover crop with dirdatl).
Note: the gap in the data are due to absence qirtiees in fields because of field operations.

3.2.4.3 Bulk density (BD)

Although soil bulk density (BD) varies seasonalgnapshot measurements provide an
indication of the status of the soil structure. fehis a broad range of BD values for topsoil
across the catchments (min = 1.15 g3max = 1.89 g crd) which are within the typical

range of values observed fother topsoils across England and Wales (Hall ¢t18l77;
Rawlins, 2011).

Before the experiments (i.e. May 2013), BD measergswere the same for both (no cover
crop & conventional plough) and (cover crop & reeldidillage) treatments with value of 1.50
g cm3, whilst treatment (cover crop with direct drilladh significantly (p < 0.05) higher BD
with a value of 1.57 g cth(Table 3.6). One year after the experiment (i.ayM014) soils
under reduced cultivation treatment had a signitiga(p < 0.05) higher BD (1.59 g ¢fpthan
the soils from control (1.49 g cBhwhich was conventionally ploughed. Soils from thieect
drilled had significantly (p < 0.05) higher BD (Z.6 cn®®) than both the other two treatments.
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The same pattern was observed during the subsegaeiing round (i.e. June 2015), with
BD significantly higher in both direct drill (1.5 cm?®) and minimum tillage (1.39 g c@
than conventional tillage (1.34 g &n

The results here show that BD was significantlgager under both reduced and no-tillage
operations than under conventional tillage. Verhatsal. (2010) believed that the effect of
tillage on soil BD is mainly confined to the topsdm deeper soil layers, BD is usually similar
in zero and conventional tillage systems. A plopgh may be created by tillage immediately
beneath the tilled soils, causing higher BD in tiesizon in conventionally tilled fields. Jabro
et al. (2011) observed that there were no sigmifidéference in soil BD in the first and second
year of an experiment between conventional ang sliage in a two-year study carried out on
sandy loam soils in North Dakota. They concluded teduced tillage reduced soil compaction
overall. Contrary to this, Hernanz et al. (2002)edmined BD in a loam textured soil in the
semi-arid conditions of central Spain after a 18ryexperiment. They observed significantly
higher BD under no-tillage than under conventidiiElge at 0-10 cm depth. Differences in
BD between tillage methods over longer time perigds$ years) have been somewhat more
consistent. Soil bulk densities were higher indhdace layer of zero tillage than conventional
tillage after 23 years on a silt loam soil with aire-soybean rotation in Minnesota (Dolan et
al., 2006). Similarly, Gal et al. (2007) reportegher (10-17% higher) BD in the 0-30 cm layer
under zero tillage compared with conventional gidaon a silty clay loam soil in Indiana after

28 years, but no difference at the 30-100 cm layer.

Hence, most of the studies have observed higheuBd®r minimum and zero tillage than
under conventional tillage. Gél et al. (2007) bedi@ that this higher value of BD under reduced
compared to conventional tillage is because thHdosobmes denser over time due to the effect
of consolidation when it remains untilled. Evertémperate climate, the loosening effects of
annual freezing and thawing cycles, wetting andndyyand soil organism activities are not

enough to prevent this increase in soil BD.
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Table 3.6 Mean soil bulk density (BD) measuremantie three mitigation treatments for three saihgpling
dates. Means followed by different superscriptétdie are significantly different (p < 0.05) foeteame
sampling date. Means followed by different supépsed numbers are significantly different (p < 0.0& the

same treatment. SE is standard error

May 2013 May 2014 June 2015
BD BD BD
Treatments (gcm®) SE (gcm®) SE (gcm® SE
No cover crop & Conventional plough
(control) 1.5 0.02 1.491 0.03 1.34° 0.04
Cover crop & reduced tillage 150 0.02 1.59' 0.04 1.392  0.03
Cover crop & direct drill 1571  0.02 1.67* 0.03 1.502  0.02

3.2.4.4 Penetration Resistance (PR)

Soil penetration resistance (PR) data are presenté&dble 3.7. Before the experiment (i.e.
May 2013) soils in all three treatments had sinflRrvalues ranging from 430 to 460 N'gm
with no significant (p > 0.05) differences observEde recorded values in all three treatments
decreased after one year of the experiment (i.g. 2044) to a range of 233-310 N énThe

PR measurements were not made by the same peratithiree years, so this change maybe
because different pressures were applied on thetqmeneter in one year compared to another.
Nevertheless, comparison among the treatmenthiédosame sampling date would still show
differences in the soil properties as the sameopacarried out the measurements for the same
year. Soils under directly drilled had a mean PRevaf 310 N crif which was significantly

(p < 0.05) higher than that recorded for the cotiveally ploughed (245 N cif) and the
reduced tilled (233 N cr. In the following year, significantly (p < 0.08)gher PR (426 N
cm?) was observed for reduced tillage compared to entionally ploughed (375 N ¢ and
directly drilled (344 N crif).

Although the result of soil PR under different treants here are not consistent over years, it
shows that PR is generally higher under reducdagél than under conventional tillage.
Abdollahi and Munkholm (2014) observed that theesa significant effect of tillage on PR
at the 18-23 cm and 55-60 cm soil depths. At 1&i23 PR was significantly lower under
conventional tillage (71 N c¢i) than direct drill (90 N cr). At 55-60 cm depth, the results
were reversed with conventional tillage (218 N#@rhaving significantly higher PR than direct
drill (214 N cm?). Of the three tillage systems, conventional plong compared to minimum
tillage or no-tillage resulted in a better soitiléy through producing the smallest mean weight
diameter and lowest PR. Cover crops tended to eeB&in the solil profile. This suggests that
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cover crops have the potential to alleviate sorhpaction in the subsoil due to bio-pore
formation and the stimulation of natural soil sture formation. The PR profile showed that
the greatest differences among tillage treatmeptg \w the upper layers of the un-trafficked
inter-row, with no tillage systems having highetues compared to conventional tillage (da
Veiga et al., 2007). Similarly, Thierfelder et @005) concluded that measurements of PR and
infiltration rate showed that practices of soil servation tillage, such as reduced tillage and
crop rotation, improved physical condition and mmted the development of soil crusting.
Table 3.7 Mean soil penetration resistance (PR)erthree mitigation treatments for three soil siamydates.
Means followed by different superscripted lettenes significantly different (p < 0.05) for the sasempling

date. Means followed by different superscripted bara are significantly different (p < 0.05) for theeme
treatment. SE is standard error

May 2013 May 2014 June 2015
PR PR PR
Treatments (Ncnm®) SE (Ncm?) SE (Ncnm? SE
No cover crop & Conventional plough
(control) 430 14 2452 21 375 14
Cover crop & reduced tillage 4613 11 2332 10 4261 14
Cover crop & direct drill 436 9 3101 12 3441 14

3.2.4.5 Infiltration Rate (IR)

An example of a typical infiltration rate curve pgesented in Figure 3.12 and the mean
infiltration rate (IR) data for the three treatmelver the study period is presented in Table
3.8. There were significant differences (p < 0.05)R among the treatments before the
experiment started (i.e. May 2013), with contr@atment (no cover crop & conventional
plough) having the lowest IR at 44 mmhfollowed by treatment (cover crop & direct drill)
at 63 mm htt and treatment (cover crop & reduced tillage) anit# hrl. These differences
may be partially due to differences in soil textaxer the study area. Compared to other two
treatments, control treatment has more clay ri¢ls smd it is known that water moves more
slowly through the small pore spaces in a clayelytlsan it does through the large pores of a
sandy soils. In May 2014, appreciable change oedum the IR of the three treatments.
Treatments (cover crop & reduced tillage) and (cosmp & direct drill), which had
significantly higher IR values than control treatrhén the previous year, now both had
significantly (p < 0.05) lower values of 38 andr@#h hr, respectively, than control treatment.
These two treatments were under reduced tillagedardt drill. This illustrates that IR under
conservation tillage is lower than under converdldillage. In the third year, the IR order of
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the treatments was same as the first year, witlraameatment having the lowest IR value (3
mm hr), treatment (cover crop & reduced tillage) thehieigt (8 mm ht) and treatment (cover
crop & direct drill) in between with an IR value 4fmm hrt. However, the third year of IR
data can be omitted in the comparison betweenrdiftdillage systems because of a significant
decline (one order of magnitude) in all the meas@@s which raised uncertainty about the

accuracy of these data.
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Figure 3.12 An example of an infiltration rate caifgoil location P2 in May 2014 sampling) with steatate
infiltration rate (IR) value of 45 mm fir

The IR data in this study supported the BD and Bfa dnd suggested that IR is lower for soils
under reduced and no-tillage systems than underecdional tillage. Reynolds et al. (2002)
highlighted that there are relatively few studiestbe effects of various tillage systems on
infiltration rate, despite its major role on waflaw and chemical transport in the soil. In a
review on tillage effects on infiltration rate, Gdftey et al. (2008) reported that most tillage
practices have pronounced effects on the infitiratate of soil immediately following tillage,
but these effects can diminish quickly. Long-terfie@s on the order of a decade or more
tended to be less pronounced and are sometimesssibj® to separate from traditional
management. Infiltration rate is generally a poalicator of management practice because of
the high spatial and temporal variability. They doded that both seasonal/annual
measurements and long-term investigations are nedjto clarify the effects of management

on infiltration rate. Lipiec et al. (2006) recordexht cumulative infiltration was highest under
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conventional tillage and was reduced by 61% under-tillage system. They concluded that
the soil pore system under conventional tillagehts higher contribution of large flow-active
pores compared to minimum and no-tillage treatmesnbanced infiltration rate and water

storage capacity.

However, some other studies (Arshad et al., 1998GMry et al., 2000; Vogeler et al., 2009)
observed that conservation tillage resulted inghdy pore connectivity and higher infiltration
rate than conventional tillage. Jabro et al. (2G8@nd that the IR at the soil surface (0-10 cm)
did not differ significantly between conventiondlage and strip tillage. But, the effect of
tillage on the IR at 10-15 cm depth was well prarmad. The values were 23% and 138%
greater for strip tillage than for conventiondbtije at the Nesson and EARC sites, respectively.
As a result of repeating tillage, plough pans (caotpayers) are created at shallow depths (18-
25 cm) which reduce infiltration and saturated soihditions develop above the pan leading
to increased surface runoff. Plough pans also lihetgrowth of roots and thus reduce the
amount of water available to the plant. It was ¢oted from their study that strip tillage can
disrupt the plough pans and thus reduce surfac#frand erosion whilst increasing infiltration
and transpiration rates (Temesgen et al., 201d)eiat al. (1999) suggested that the greater
infiltration potential under reduced or no-tillaggstems is linked to increased surface residues,
a greater bio-porosity caused largely by earthwbinrows, and soil pores that are more
continuous because they are not disrupted by dll&pnversely, other studies observed no
significant change in IR under these two treatmemtpalg@lu (1999) found that tillage
practices had no appreciable effect on infiltratiates in sandy clay loam soils. Kennedy and
Schillinger (2006) showed that site, slope positian tillage practice (traditional tillage and
no-tillage) had any impact upon ponded infiltratrate. Karlen et al. (1994) reported IR values
for no-tillage system, chisel and plough system&»mm hrt, 10 mm htt and 9 mm ht,

which were not significantly different.
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Table 3.8 Mean infiltration rate (IR) of the sailthe three mitigation treatments for three saihgling dates.
Means followed by different superscripted lettenes significantly different (p < 0.05) for the sasempling
date. Means followed by different superscripted bara are significantly different (p < 0.05) for theeme
treatment. SE is standard error

May 2013 May 2014 June 2015

IR IR IR
Treatments (mmhrl) SE (mmhrt) SE (mmhry) SE
No cover crop & Conventional plough 4% 34 56 77 3 18
(control)
Cover crop & reduced tillage 77 4.9 38 4.6 8P 0.9
Cover crop & direct drill 6% 3.7 34 4.8 42 1.0
3.3 Summary

The results presented in this chapter indicatedbegr crops and reduced cultivation systems
did not significantly reduce soil nitrate concehitmas in topsoils across the study area
However, the effectiveness of cover crops in reayienil nitratencreased with increasing soil
depth. The mean soil nitratencentration under cover crops at 15 cm depth2:8&mg kgt
which was not significantly lower (p > 0.05) thdrat under non-cover crop fields (3.04 mg
kgl). But in deeper soil layers (i.e. 45 cm and 75,c0)l nitrate was significantly lower in
the cover crop treatments (2.18 mgtkand 0.76 mg k¢ than the non-cover treatment (3.76
mg kg* and 3.54 mg k) for the two soil depths, respectively. This metired compared to
bare soils, cover crops depleted solil nitrate cotragons by 7%, 42% and 79% at 15 cm, 45
cm and 75 cm depths, respectively. This substargdhlction in soil nitrate concentration in
the deeper soil layers is due to the type of covep planted here. Oilseed radish has a thick,
deep root that can help break up compacted s@rsagnd scavenge nitrate that has leached
beyond the rooting zone of other crops. This cdpamf scavenging nitrogen from deep
within the solil profile offers radish cover cropsextra advantage compared to other shallower
rooting cover crop varieties because it is abledpture this deeper soil nitrate that would

otherwise leach into groundwater or rivers viaftal drain network.

Surface soil organic carbon (SOC) contents fontkasures fields were relatively low (median
1.28%) compared to the median for the East Anglegion as a whole (2.24 %) based on a
national survey of topsoils between 2002 and 20bfis, in this study, elevating the SOC
content was part of the overall package of impromets in soil quality that were hoped to be
achieved through trialling cover crops and reduti#gge practices. However, the results

revealed that SOC contents were not significamtilgroved by cover crops or reduced tillage
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because control treatment (no cover crop & conwveatiplough) had consistently higher SOC
concentrations than both (cover crop & reducedgd) and (cover crop & direct drill)
treatments. Regardless of the differences in fagmpiactices, the order of SOC contents for
the treatments remained the same on each of the&ouwpling dates. This is probably because
soils in control treatment are dominated by claysctv generally have a higher SOC content
than the sandy soils in the other two treatmentsila/no significant improvement in SOC
content was observed during this two-year studig fiossible larger increases could occur
over a longer time period (5-10 years).

As far as other soil macronutrients (P, K, Mg ar@)Sare concerned, the overall quality of
soil in the study area is not in an ideal conditi®ail phosphorus concentrations were elevated,
thus posing a surface water contamination risk|swthie other macronutrients were generally
below normal the range. Therefore, lowering of sibsphorus levels and enhancing soll
potassium, magnesium and sulphate concentratiores seeight through the implementation
of cover crops and reduced cultivation systems.r€lelts presented in this chapter show that
cover crops and reduced tillage retained soil RBl&ein the topsoil compared to conventional
practices. This is a benefit when P is a limitindrient, but in the study area where P is an
environmental problem, this could potentially haseleterious impacts on the river by
increasing the likelihood of soluble P losses iriagre runoff events. Regarding soil potassium,
it was consistently found that cover crops and ceduillage helped to maintain potassium
concentrations in the topsoil compared to convealigpractices. During the two year study,
potassium concentrations under the cover crop amdtdirilled fields increased by 27 mg-L
compared to a 15 mgidecline under conventional practices. This magart be due to the
cover crop minimising leaching and erosion, whdstect drilling reduced soil structural
disturbance. It was also observed that directingltended to retain greater amounts of
potassium in the topsoil than minimum tillage. Ngn#ficant increases in soil magnesium and

sulphate concentrations were observed in resportbe tmitigation measures.

It was hypothesised that the implemented measubesdvimprove the physical quality of the
soil by increasing soil temperature, moisture consnd infiltration rate, whilst decreasing
bulk density and penetration resistance. The reselealed that soil temperature and soll
moisture did not change under different treatmeBislk density was consistently and
significantly higher for soils under direct drilgnand reduced tillage than conventional
ploughing. This maybe because the soil becomesedemger time due to the effect of

consolidation and compaction when it remains wdill Although the soil penetration
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resistance results under different treatment wetecansistent, it appeared that penetration
resistance was generally higher under reduceddillaan under conventional tillage practices,
corresponding to higher bulk density. The infilibatrate data supported the bulk density and
penetration resistance data and suggested thiatatidin is lower for soils under reduced and
no-tillage systems than under conventional tilla@eerall, it is concluded that implementing
these mitigation measures has, to date, not sufataimproved soil quality across the study

area.
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Chapter 4: EFFECTS OF COVER CROP AND REDUCED
CULTIVATION ON SOIL NITRATE LEACHING

4.1 Introduction

Agriculture is a major contributor to environmenpabblems such as water pollution. Water
pollution from nitrogen (N) is a serious problemboth Europe and developed countries
(Ramos et al., 2002). The increased use of N it&td to meet increasing demands for food
has increased the amount of residual inorganiaangng in the crop root zone after harvest,
which is then susceptible to winter leaching, esdlgcin humid region soils (Drury et al.,
2014). In this chapter, the main focus is on nesaiNQ )because a number of leaching and
drainage studies have consistently found thag Q@he dominant form of N present in soil
water (Jacinthe et al., 1999; Jaynes et al., 2D@ines et al., 2002; Macdonald et al., 2005).

Nitrate leaching occurs when there is an accunaraif NG&'in the soil profile that coincides
with, or is followed by, a period of high drainaged heavy rainfall. Because nitrate and most
soils in temperate regions are negatively chargigdte is not retained by the soil and is thus
the dominant form of N leaching (Di and Cameror)20 A high concentration of nitrate in
drinking water is considered harmful to human tegbarticularly for infants less than one
year old. It can interfere with the transport ofyg&n in the blood leading to so called ‘blue
baby syndrome’ (Knobeloch et al., 2000) . To protegnan health, world and national health
organisations have established drinking water statsd limiting NG concentrations to
maximum of 11.3 mg N®N L (Fewtrell, 2004). Furthermore, high nitrate corcations in
surface water bodies can cause deterioration iarnvgaiality, resulting in eutrophication, algal

blooms and fish poisoning.

The main factors influencing the amount of nitrig@ched from a particular land use are soil
type, climate condition and management practicésatd leaching rates are usually lower
from fine-textured soils than from coarse-textuseis, because of slower drainage and greater
potential for denitrification (Di and Cameron, 2002he depth of soil above the groundwater
table is also an important factor, with nitratect@ag the groundwater quicker in shallow soll
than in deep soil. Earthworm channels, root poeesp and large cracks can accelerate solute
transport and nitrate leaching (Silva et al., 2000addition to soil characteristics, climate and
season can affect nitrate leaching, with the amotidtrainage being one of the determining
factors. Nitrate leaching usually increases in @easvith a high soil moisture content and

throughflow, for example during autumn and wintelnemw evapotranspiration is low and
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rainfall totals are high. Summer weather conditioas also have an effect on nitrate leaching
in the following winter. Long periods of hot summeeather were identified to cause more
nitrate leaching over the subsequent winter thdrcdol wet summers. This is perhaps due to
the lower N uptake in pasture land, lower dentafion loss and greater mineralisation upon
rewetting following a long, dry and hot summer (8lefield et al., 1993; Di and Cameron,

2002). The amount of applied N fertiliser also hmsmpact on nitrate leaching. If N fertiliser

is applied at a quantities substantially above fibatiired by crops for growth, then the surplus
N will likely accumulate in the soil profile andadily leach into ground and surface water

bodies.

The increased nitrate leaching loss not only ceeatevironmental problems by increasing
nitrate contamination of groundwater and surfaceerga but also causes agronomic and
economic losses by decreasing N use efficiencys,Treducing nitrate leaching from fields
into ground and surface water is a key managemeatitp. Several strategies have been
proposed and studied to reduce nitrate leachingudimg reducing overall N fertiliser
application loads, growing a cover crop to captxeess nutrients over winter, limiting N
application rates prior to or during high leachseasons, using buffer zones between fields
and streams and using nitrification inhibitors (@nd Cameron, 2002). It has also been
suggested that minimum tillage may cause lesstaiteaching than conventional tillage, but
research so far has demonstrated mixed resultsheitin higher and lower nitrate leaching
under reduced tillage compared with conventiotialgee (Meek et al., 1995; Di and Cameron,
2002). However, significant reductions in nitragadhing may be achieved through a
combination of several mitigation measures rathana single measure. The objective of this
chapter is to assess the effects of the implemeaniggation measures including cover crop,
reduced tillage and direct drill on nitrate concatibns and fluxes. Although the focus is on
nitrate leaching, the changes in two other formsitwbgen (i.e. ammonium and nitrite) under
different treatments are also discussed.

4.2 Results and discussion

4.2.1 Rainfall

The annual precipitation total for the hydrologigabhr October 2013 to September 2014 was
786 mm in weather station (A) (Figure 2.5), whishhigher than the 1981-2010 mean annual
total precipitation of 674 mm reported for the EAsglia region in Reepham weather station
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(Meteorological Office, 2014). Within the study jmel, summer 2013 (106 mm) was drier than
summer 2014 (194 mm), whereas winter 2013-2014 (@83 was wetter than winter 2014-
2015 (161 mm) (Figure 4.1). The overall mean magnghkcipitation was 58 mm, with the
highest monthly total occurring in May 2014 (129 jrand the lowest in July 2013 (14 mm).
This lowest monthly rainfall is far lower than tireean lowest monthly precipitation of 41 mm
reported for period of 1981-2010, making summer326de of the drier summers in recent
years. Since water sampling was carried out wedkly,rainfall data here are presented at
weekly intervals so that any changes in water gualarameters can be directly related to
rainfall. The three highest weekly rainfall evedtsing the study period are highlighted in red
in Figure 4.1. The highest weekly rainfall occurrednid-October 2013 (68 mm), followed
late May 2014 (61 mm) and mid-October 2014 (54 mm).
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Figure 4.1 Weekly rainfall during the study perioih three major rainfall events highlighted in red

4.2.2 Nitrate
4.2.2.1 Nitrate concentration

Table 4.1 summarises the mean and range agfdd@centrations measured in the field drains
underlying each of the three experimental treatsyéetween April 2013 and April 2015.
Drains in the table were ordered from upstream tdsva@ownstream. In total, 500 water
samples were collected during weekly sampling effibld drains during the two-year period.
Some drains, for instance D2, D4 and D1 (see Figudor location), were flowing almost
continuously throughout the study period, such#égrteater number of samples were collected
from these drains. Conversely, other drains suddl#&s D3 and D8 flowed for a shorter time
and yielded fewer samples. The depths of the saingdains were 1-1.2 m from ground

surface, and groundwater table was 1.7£0.5 m a8#D13 m from ground surface for 2013
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and 2014 hydrological years, respectively (seed@hl). The groundwater table, therefore
never reached the field drainage. If groundwateglleeached drains then drying of the drain
flow didn’t happen during summer because of comtirsusupply of flow from ground water.
The mean nitrate concentration of all 500 samplas %2 mg N L.

Water samples from drains D8 and D10 had meagidd@centrations of 9.8 mg Niand 9.5
mg N L%, respectively, higher than any other drain. Amalhthe samples collected, the single
highest N@ concentration was measured in D10 (37.4 mgiNih late May 2014. The second
highest value was also measured in D10 (24 mgNih early June 2014, followed by the
third highest value in D8 (21.7 mg NYj.collected in mid-October 2014. For most of thaiuis
the lowest measured N@oncentration was <1.5 mg N'LThe exception to this was D11,
which had a minimum value of 3.3 mg N land a highest value of 9.0 mg N,Lgiving D11
the smallest range (5.7 mg N)Lof NO3 concentration of any drain, whilst D10 had thegiest
range (36.1 mg N £).

Table 4.1 Summary of field drain N@oncentrations in the three experimental treatsnfmtsamples collected
during the April 2013-April 2015 study period

. Mean of NG Range of N@
Treatments Drain ID n (mg N L) (mg N L)
No cover crop & D10 59 9.5 1.4-37.4
conventional plough
(Contr0|) D8 40 98 09'217
D3 41 4.4 0.5-11.4
Cover crop &reduced ¢ 39 4.2 1.5-10.2
tillage
D1 77 4.8 0.9-11.1
D11 20 59 3.3-9.0
Cover crop & direct D2 86 2.3 0.1-12.0
drill D4 80 2.8 0.2-15.9
D6 58 6.4 1.1-14.1

Temporal variability in nitrate concentrations

The temporal variability of N©concentrations in individual field drains in eawgtthe three
treatments is shown in Figure 4.2. Gaps in the areasent are due to a lack of drain flow
which usually happened each summer. As summer 2@k3approaching, field drain NO

concentrations gradually decreased in all threatrtrents, perhaps due to both a decline in
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precipitation and decline of potential leachableaté by crops during this growth period.

There was a lower mean N©oncentration in summer 2013 than in summer 2padsibly
because of low rainfall in the former (106 mm) camgal to the latter (194 mm). It was

observed that N§concentrations tended to be lower in summer thammter throughout the

study period. In October 2013 when the cover cr@s @rowing, significantly lower N

concentrations were measured in the field draimkeunover crop fields compared to the bare

control fields. No notable increase was observet@ concentration in the drains after

incorporation of the cover crop in March 2014. Tisisn agreement with the soil N@ata

(Figure 3.3) which also illustrated no change it B®3 concentration after incorporation of

the cover crop.
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Figure 4.2 Temporal variation in field drain niggtNQs) concentrations in (A) control treatment (no covep

& conventional plough), (B) in treatment (cover gi& reduced tillage) and (C) in treatment (coverc&

direct drill) throughout the study period.

NOs concentrations in the drains responded differetatlthe three main rainfall events that
occurred during the study. The highest weekly edinbtal (68 mm) occurred in mid-October
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2013 generated no significant change in the fiedehd\N Qs concentrations. N§roncentrations
in drains from both (cover crop & reduced tillage)X (cover crop & direct drill) treatments
were not notably affected by the second higheskilyaainfall that occurred in May 2014.
However, N@ concentrations in drains from control treatmealely contributed to by D10,
increased substantially with concentrations of 3hg N L! recorded the highest NO
concentration measured throughout the entire studljke the heavy rainfall in autumn 2013,
the storm event on ¥4 October 2014 resulted in a sharp and dramatic ins&Os
concentrations in all flowing drains in each of theee treatments. About half of the sampled
drains (D1, D3, D4, D8 and D16) contained the higiNOs concentrations of the entire study
period. For example, N§Xoncentrations in D3 did not exceed 7.5 mgNat any other point
over the two years of data collection, yet the ei#d sample during this rainfall event
contained 11.4 mg Nt This storm caused the drains from control treatne flow with a
high NO3 concentration of 21.7 mg NL

Effect of the cover crop on nitrate concentration

A summary of the effect of the oilseed radish cavrep on field drain Ngzoncentrations is
presented in Table 4.2. Field drains under the rcorap typically contained <6 mg NliLof
NOs, whereas samples from drains under bare soil badentrations >8 mg N'L. The seven
fields with the cover crop had N@oncentrations at least one order of magnitudetdian
those fields with no cover crop. The overall meddsNdoncentration was significantly (p <
0.001) lower in drain water samples under the cavep (2.5 mg N [}) than drain water
samples from bare soil (13.9 mg NYL This represents a ~82% reduction in nitrate

concentrations due to the presence of the cover cro

This result is in good agreement with a large bafdyrevious research investigating the effects
of cover crops on reducing nitrate concentrationg/ater compared to bare soil. Staver and
Brinsfield (1998) reported that groundwater Né&ncentration decreased by more than 60%
in field-scale watersheds during a nine-year peasdesult of the use of a rye cover crop.
Justes et al. (1999) observed thatsNOncentration in drainage water was depleted 19%,50
from 20 to 10 mg N L by the presence of an oilseed radish cover croppeged to bare soil.
Kaspar et al. (2012) reported that a rye winterecavop significantly reduced drainage water
NOs concentrations by 48% over five years, with a 58@étction in the first four years. Kaspar

et al. (2012) also observed that on autumn oatrare@ reduced N@concentrations by 26%.
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A reduction of 21-38% in the flow weighted mean f\fncentrations in tile drainage water
was also reported by Drury et al. (2014) as a tasfuhe use of a winter wheat cover crop.
Premrov et al. (2014) observed that N€dncentrations across three years were reduced by
more than 70% using Mustard cover crop compareubtoover crop under both conventional
and reduced tillage.

Table 4.2 Mean and range of lliEncentration in field drains under two differéneatments during cover crop
trials between September 2013 and March 2014. Staislard error

Drain N Mean of N@ Range of N@ SE
ID (mg N L'} (mg N LY
Without cover crop D10 19 12.8 8.7-14.3 0.33
D8 16 15.3 10.6 - 19.5 0.75
Mean 13.9
D3 14 2.2 0.5-3.2 0.22
D16 17 3.2 15-6.6 0.28
_ D1 24 3.9 09-84 0.41
With cover crop
D11 8 3.9 3.3-46 0.15
D2 26 1.0 0.3-3.6 0.14
D4 26 15 04-25 0.12
D6 19 3.2 1.6-5.0 0.22
Mean 2.5

Alongside field drain samples, soil water was alstlected intermittently from porous pots
buried at 90 cm depth across the nine mitigatioasuees fields (see Figure 2.9 for locations)
and the N@concentrations analysed (Figure 4.3). There wapiintly large variation in N§O
concentrations between porous pots just a few si@ipart. In February 2014, for instance,
large variations were measured at site P8 wherg dd@centrations in pot numbers 6 and 9
were 3.3 and 2.2 mg N}, respectively, whilst pots 4 and 10 had conceiotnatof 19.7 and
21.2 mg N L%, respectively. The greatest difference was natdeebruary 2015 at site FAR9
when soil water from pot 9 contained an extreméfjn INO3 concentration (48 mg N1,
approximately one order of magnitude higher thanather pots from the same site and even
higher than the highest value recorded in the fileldns (37 mg N ).
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Figure 4.3 Spatial variation in soil water Bl@ncentrations collected from porous pot sampientrol
treatment = no cover crop & conventional lough (tow), treatment (cover crop & reduced tillage) ddie
row) and treatment (cover crop & direct drill) (tmh row). The distance between two pots is 1 metre.
Locations of porous pots are shown in Figure 2.9.

The finding of a substantial reduction in soil waklOs concentrations in field drains with a
cover crop is also supported by the porous pot siatamary in Table 4.3. In February 2014
when the cover crop was growing, porous pogbiihcentrations were significantly (p < 0.05)
lower in fields under the oilseed radish cover ditgn under bare soil in all three soil types.
Fields under the cover crop had mean soil watefdd@centrations of 0.55 mg N'Lwhereas
bare soils had a mean value of 15.3 mg N This represents a 96% reduction in NO
concentrations by the cover crop, which is highantthe 82% reduction in N©oncentrations
calculated from the field drain data. This largeduction in porous pot Nfgoncentrations is
because the porous pot samples in the cover atms fnad lower Neoncentrations than the
drain samples. The mean Bl€ncentration in all porous pots samples from ineatt (cover
crop & direct drill) was 0.5 mg Nt, whereas this figure was 2.1 mg N in the drain samples
for the same treatment. As well as providing evadeof a further reduction in soil N@ss to
the deeper soil profile by the radish cover cromgyFe 3.5), this might also be another
indication that the radish cover crop is able evenge N@from deeper within the soil profile.
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Although most of the drains are deeper than 1madtértbe field surface, their collected water
is likely to come from topsoil by preferential floulConversely, the water collected in the
porous pots probably comes from the soil surrountive pots (i.e. 90 cm depth) as the water

is drawn into the pots under vacuum by a pump.

A slight increase in the mean porous potsd@ncentration under the cover crop is observed
between February 2014 (0.55 mg N)land April 2014 (2.7 mg N). This is potentially due

to the incorporation of the cover crop within thoél svhich causes the release of contained N
into the soil. However, the significant differendgs< 0.05) between the porous pot samples
under a cover crop and no cover crop fields renshinell soil types. Fields under the cover
crop had mean N§zoncentrations of 2.7 mg N, whilst bare soils had a mean concentration
of 13.2 mg N L. In contrast to the porous pot data from the covep fields in February 2014,
which consistently showed lower NGoncentrations than the drain data, porous pot kemmp
in the cover crop fields in April 2014 (2.7 mg Nb)Lhad very similar concentrations to the
field drain samples at this time (2.9 mg N)LThis means that the collected data from field
drains and porous pots were in good agreementeaith other apart from the time when cover
crop was growing (i.e. September to March) in whizddata from the porous pot usually had

lower NOsconcentrations.
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Table 4.3 Mean of soil water N@oncentrations in porous pot samples from thrdeygzes in the control

treatment (no cover crop & conventional ploughgatment (cover crop (CC) & reduced tillage (RThd a

treatment (cover crop (CC) & direct drill (DD)) ¢tetted on three sampling occasions. Means follolyed

different superscripted letters are significantiffedent (p < 0.05) for the same sampling date senthe soil

type. Means followed by different superscripted bens are significantly different (p < 0.05) for theeme
treatment and same soil type

Soil NOs (mg N L)
type Treatments n Feb. 2014 n Apr. 2014 n Feb. 2015
control 10 17.5 6 16.64 9 10.6!
Sandy o RT) 10 0.8 8 2 Pt 8 8.3
Loam
(CC& DD) 8 0.31 9 2.81 8 18.72
control 10 17.8 7 14.6¢ 9 11.6*
Sandy
Clay  (CC&RT) 9 0.2t 10 3.0t 10 10.9
Loam  ~cg pp) 8 0.4 7 2.81 6 3.21
control 10 10.9 9 9.8¢ 5 10.9*
Clay — cce rT) 10 1.4 4 2 41 6 21.32
Loam
(CC& DD) 10 0.8t 4 3.0 7 1.6*

Effect of different tillage methods on nitrate concentration

During the 2014-2015 farming year, only differetiage operations (i.e. with no cover crop)
were trialled as a mitigation measure in the thregtments. As such, the data collected in this
period can be used to compare different tillageratpens on water quality. Data from the
porous pot samples collected in February 2015 stiome particular pattern among the
treatments or soil types (Table 4.3). Although fhiesented mean values appeared to be
different from each other, no significant (p > 0.@Hferences were observed (except for the
clay loam soil type) because of great variatioeaesh batch of porous pot samples. ThesNO
concentrations in both sandy clay loam and clagnlparous pot samples in treatment (cover
crop & direct drill) were lower than that in thentml treatment, but because sandy loam
samples had extremely high B@ncentrations (18.1 mg N, no notable decline in ND

concentrations was observed compared to the cdnéadiment.

It is also apparent from the field drain data (fFegd.2) that N@concentrations during winter
2015 in (cover crop & direct drill) and (cover cr&peduced tillage) treatments were not lower

than the control treatment. Results from both fidtdins and porous pots show that the

90



practiced mitigation measures in 2015 (i.e. redutkdie and direct drill) did not reduce soil
water NGQconcentrations (Table 4.4). The meanad@ncentrations for porous pot and drain
samples under conventional tillage during Septerabéd to March 2015 was 6.8 mg N,L
which was not statistically different from the 7 N L' and 7.1 mg N i obtained for
reduced tillage and direct drill fields, respeciyve

Table 4.4 Mean N@concentrations in field drain and porous pot sa&spinder different tillage methods from

October 2014 to April 2015. Means followed by diéfet superscripted letters are significantly difer(p >
0.05). SE is standard error

Tillage type n l\/zsnagn No le_\ll)Q_ SE
Conventional tillage 61 678 1.0
Reduced tillage 84 7 0.8
Direct drill 102 7.2° 0.5

Previous studies have demonstrated that the tyeibtultivation strongly influences NO
concentrations, but the evidence thatsd@ncentrations are higher for inversion compared to
conservation tillage is contradictory. The reshkse agree with Joshi et al. (1994) who found
no significant difference in mean N@oncentrations between conventional and no-till
systems. SimilarlyRandall and Iragavarapu (1995) found insignificdiffterences between
the average flow weighted NQ@oncentrations of 13.4 mg N'Land 12.0 mg N t for
conventional and no-tillage corn production treattagrespectively. They concluded that the
tillage system had minimal impact on Bl@aching to subsurface drain flow. In a study on
NOsconcentrations in field drainage under conventi@mal no tillage systems, Randall and
Mulla (2001) again observed that Bl€ncentrations were not influenced by tillage syste
The insignificant difference in N§@oncentrations under conventional tillage and cod®n
tilage were also observed in other studies (M&satial., 2014; Premrov et al., 2014).
Conversely, some studies have reported highefadicentrations in conventional tillage than
conservation tillage. Kanwar et al. (1993) monitbiOs leaching beneath both continuous
corn and corn-soybean rotations managed using rhoatd ploughing, chisel ploughing, ridge
tillage and no-tillage practices. The three yearage N@ concentration in drainage water
from continuous corn plots receiving mouldboarhd¢jé was significantly greater (35.8 mg L
1y than for the no-till treatment (22.2 mgHL They believed that this lower N@oncentration
from no-till may have resulted from greater byp#sw, denitrification and immobilisation

under non-ploughed systems.
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4.2.2.2 Nitrate fluxes

The field drain area, drain flow rate and fNfdncentration were used to calculate field drain
NOs fluxes. Estimated drainage areas are presentegjume 4.4 and Table 4.5. Map of field
drain network was provided by farmers (see Apperidgure D1). Drainage areas of the
interested drains were delimited by polygon digiisising GIS with the contribution of field
observations. The drainage area varied from 0.0hB3 to 5.64 ha for D16, with the total

area of all monitored drains equalling ~21 ha.
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Figure 4.4 Estimated drainage area for the fieldndr monitored in this study.
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Table 4.5 Estimated drainage area and calculatedrfite for the field drains monitored in this stud

Drain Estimated area  Mean flow rate Range of flow rate

ID (ha) (Lsec) (L sect)

D1 1.25 0.30 0.00-2.35
D2 0.29 0.07 0.01-0.19
D3 0.05 0.04 0.00-0.21
D4 0.14 0.07 0.00-0.31
D5 0.08 0.05 0.00-0.17
D6 0.87 0.06 0.01-0.24
D7 1.60 0.19 0.00-1.12
D8 0.30 0.14 0.01-0.70
D9 4.49 0.26 0.01-0.85
D10 1.86 0.21 0.00-0.83
D11 1.64 0.16 0.02-0.44
D13 2.92 0.27 0.01-0.81
D16 5.65 0.14 0.01-0.78

Field drain flow rates were measured three timesach sampling occasion and a mean
calculated. Drain flows in summer were lower thawinter. Generally, drains started flowing
in autumn (October/November) and maintained high flintil spring (April/May) when flows
gradually decreased, with most drying up duringstsamer (Figure 4.5). Drains D2 and D4
flowed almost continuously throughout the studyigeerwhereas other drains (e.g. D11, D3
and D8) flowed for a shorter period of time. D13l @il 6 were added to the sampling regime
in November 2013. The calculated flow rates rarfgead 0.001 to 2.35 L sowith an average
for all drains of 0.14 L set D1 had the highest mean flow rate (0.30 L3efollowed by
D13 (0.27 L sed), whilst D3 had the lowest mean flow rate (0.0ddc!) (Table 5.2). Drain
flow correlated (r=0.53) with drainage area asrtyawvith larger area tended to have greater
flows and drains with smaller areas had lower floy$ and D13 had the greatest flows and
relatively large areas, whilst D3 and D5 had thedst flows and the smallest drain areas.
However, for other drains such as D11 and D16 \thge area and small flow rate, this
relationship did not hold true. The field drainilaate was also correlated with rainfall. The
second and the third storm events highlighted gufé 4.1 created associated peaks in drain
flow. The drain flow of D1, for example, increassignificantly from 0.04 L setone week
prior to the third storm event, to 1.5 L eduring the storm. On the other hand, the first
highlighted storm event generated no corresponpéak in drain flow, whilst smaller storm
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events such as the one that occurred on thé\@vyember 2014 generated some of the highest
recorded flow rates of the entire study. Moreovamfall events during the summer did not
generate a pulse in drain flow. Thus, whilst lamggreases in drain flow were produced by

large storm events, not all storm events geneaagre lincreases in drain flow.
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Figure 4.5 Field drain flow rates throughout thedstperiod. Note the very low or no flow of the idisaduring
both summers and high flow during autumn and winter

A summary of N@fluxes in the field drains in the three experinamteatments is presented
in Table 4.6. A mean N&flux of 35 kg N hat a* was calculated for all the drains during the
study, with the mean flux for most of the drainsgimg from 10-40 kg N hba?. However,
drains D11 and D16 had fluxes of <5 kg Ntla, whilst D8 (79 kg N hda?) and D3 (74 kg

N ha'a?l) had very high fluxes. Because of high variabilitydrain flow rate and drainage
area, N@discharges within drain water from the agricultsils varied considerably between
the different drains. Nevertheless, the annua$ N@xes via drainage water were high in this
study and were similar to the values of 10-90 kgaMa®! measured by Rossi et al. (1991) in
drainage water from arable land (with sugar beetter wheat or soybean) in northern lItaly

with an annual fertiliser input of about 150 kg d'fa™.
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Table 4.6 Mean of NgXluxes in the field drains under three treatmehitsng April 2013 to April 2015. SE is
standard error

Drain Mean of NQflux

Treatments D (kg N hat a) SE
No cover crop & conventional plough D10 26 61
(control) DS 79 21.6
D3 74 21.6
Cover crop & reduced tillage D16 2 0.4
D1 43 9.6
D11 4 12
D2 27 4.9
Cover crop & direct drill
D4 41 4.5
D6 10 2.0

I mpact of the cover crop on nitrate fluxes

The impact of the cover crop on field drain Niuixes is presented in Table 4.7. The overall
mean NQ@ flux was significantly (p < 0.001) lower from feerains underlying the cover crop
(17 kg N hatal) than from drains underlying bare fields (113 ké& at). This represents a
~85% reduction in nitrate fluxes due to the presasfcdhe cover crop. Many previous studies
have found that cover crops significantly reducesNéaching in field drains. In a field
experiment on sandy loam and chalky loam soilsvatdites in SE England, Macdonald et al.
(2005) found that during the winter immediatelyeaféstablishment, early sown cover crops
(including forage rape, rye, white mustard, phaceahd ryegrass) decreasedNéaching by
29-91% compared to bare soil. Macdonald et al. §2@0ncluded that cover crops are most
likely to be effective when grown on freely draingehdy loam soils where N@eaching in
bare fields is greatest. In a 25-year simulatiangiRoot Zone Water Quality (RZWQ) model,
Singer et al. (2011) concluded that using a wioteter crop can reduce N@uxes by 19-28%
for corn-soybean and corn-soybean-corn rotatiotiseaivatershed sub-basin scale. A number
of best management practices including a cover, crojiillage and reduced nitrogen fertiliser
were compared in field trials over 14-17 years eoder crops were found to be the most
effective practices at decreasing Ni@aching (36-62%) and remained efficient over kEmg

timescales (Constantin et al., 2010).
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Table 4.7 Mean and range of field drain f\iDixes under the two different cover crop treattadretween
September 2013 and March 2014. SE is standard error

- Mean NQ flux

Drain ID (kg N hat &%) SE
Without cover crop D19 47 10
D8 180 57

Mean 113
D3 24 7
D16 4 1
: D1 27 5

With cover crop

D11 4 5
D2 8 1
D4 44 8
D6 5 1

Mean 17

I mpacts of different tillage regimeson nitrate flux

In the 2014-2015 farming year, only different gjaregimes (i.e. with no cover crop) were
trialled as a mitigation measure across the thesgrhents, such that data collected during this
period can be used to compare different tillagetmas on a particular parameter. As with
NOs concentrations, which showed no significant défexre under different tillage practices,
NOs fluxes also did not change significantly (p > Q.08tween the three tillage types (Table
4.8), with the exception of reduced tillage. TheameNQ flux from field drains under
conventional tillage was 44.1 kg N-ha?, which was slightly higher than the N@uxes under
direct drill (41.7 kg N hda?). Contrary to the hypothesis that reduced tillags reduce N@
leaching, higher field drain NgJluxes were recorded under reduced tillage (114! kgila?)
than conventional tillage (44.1 kg N-hal). NOs fluxes were also significantly (p < 0.05)

higher under reduced tillage than under direct gractices.

Similar to the results of this study, in an eigkty study to determine the potential effects of
common agricultural practices on subsurface dra&nagter quality, Masarik et al. (2014)

found that differences in the annual Nflux between conventional tillage (34 kg Nat)
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and no-tillage (38 kg N haal) corn treatments were not statistically significatowever,
Masarik et al. (2014) found that N@uxes from restored prairie land (0.07 N'fwt) were
consistently lower than both the conventional aodilfage treatments.

Table 4.8 Mean field drain Ngluxes from different tillage systems between OetoP014 and April 2015.
Means followed by different superscripted lettenes significantly different (p > 0.05). SE is stardiarror

Mean of N@ flux

Tillage type (kg N hat a) SE
Conventional tillage 443 20.9
Reduced tillage 174 27.1
Direct drill 41.7 5.2

4.2.3 Ammonium

Table 4.9 summarises the field drain Nidoncentrations and fluxes in the three experinienta
treatments during April 2013 to April 2015. In thta76 NH;" measurements were obtained
from drains sampled weekly over this two year pgriome drains, for instance D2, were
flowing almost continuously throughout the studyipe, so greater numbers of samples were
collected from them. Conversely, other drains,eéeample D11 and D8 flowed for a shorter
time and yielded fewer samples. The meanNtdncentration for all samples collected during
the two years was 11.8 pg NtLWater samples from some drains, for instance mBR10
had mean values of 16.6 ug N And 20.3 pg Nt respectively, which were higher than the
mean NH' concentration of all drains together. Other drasugh as D2 and D4 had mean
concentrations of 7.6 mg Niand 8.5 pg N &, respectively, which were lower than the mean
concentration of all drains together. Among all gaenples collected for the two years, the
highest NH* concentration (191 pg N1) was measured in D10 in early December 2014. The
second highest was measured from D8 (181 pgiNir.late March 2015, whilst the third
highest concentration was found in D10 (174 ug N tollected in late May 2014 which
coincided with the second largest rainfall eveghhghted in Figure 4.1. Excluding D10 and

D8, all other drains had maximum MHoncentrations of <100 pug NL

The mean NH flux for all the drains during the study periodsa&6 g N ha al. Some drains
had relatively low NH' fluxes, for instance D6 and D11 with only 15 and@36l ha' a*
respectively, whilst others, such as D3, had aivelly high mean flux (146 g N Naal).
Nevertheless, compared to §@eld drain NH* concentrations and fluxes were very low and
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typically three orders of magnitude lower than atiér In a previous study on N losses in
subsurface drains, Jaynes et al. (2001) foundl@ksaes of NH", NO; and other forms of N

were negligible in comparison to losses ofNO

Table 4.9 Summary of field drain NHconcentrations and fluxes in the three experintérgatments for
samples collected between April 2013 and April 285 is standard error

Drain Mean NH* Mean NH;* flux
Treatment D n (g N L) SE (g N hatad) SE
No covercrop & p10 48 20.3 4.8 49 5.9
conventional
D3 34 12.4 1.5 146 1.5
Covercrop & 0 4 14.2 3.2 38 3.2
reduced tillage
D1 57 9.1 1.2 43 1.2
D11 12 14.4 4.0 36 4.0
Covercrop& D2 68 7.6 0.9 40 0.9
direct drill D4 57 8.5 0.9 124 0.9
D6 43 12.2 2.2 15 2.2

The temporal variation in field drain NHconcentration in the three treatments is shown in
Figure 4.6. Gaps in the measurements are dueattkaof drain flow which usually happened
during the summer. NA concentrations in all three treatments were gdigesa5 pg N Lt
during spring, summer and even autumn 2014. IneriH;* concentrations showed some
fluctuations, but with no specific differences amdhe treatments. In late May 2014, NH
concentrations showed a pronounced peak of 174 g iN control treatment (no cover crop
& conventional plough) which coincided with the sed storm event highlighted in Figure
4.1. Surprisingly, field drains in the (cover cr&peduced tillage) and (cover crop & direct
drill) treatments did not similarly exhibit this gle Afterwards, and also during the second
farming year, NH'" concentrations did not change significantly exéepta sudden increase in

the control treatment at the end of the monitopegod.
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Figure 4.6 Temporal variation in the mean concéiotnaof NH,* in field drains under the three mitigation
measure treatments.

Unlike NOs concentrations which were significantly reducedhmsy presence of a cover crop
during September 2013 to March 2014, field drainsN¢dncentrations were not dramatically
lower in bare fields than in the cover crop fielBgtails of NH* concentrations in field drains
under the two treatments are presented in Table ZHe mean Nk concentration in field
drains in fields with no cover crop (11.2 ug N)lwas not significantly (p > 0.05) lower than
the mean concentration in field drains under a covep (13.1 pug N ). The effect of the
cover crop on Nk fluxes in field drains is also presented in Tabl#0. The overall mean
NH2" flux under no cover crop (89 g N-ha') was not significantly (p > 0.05) different from
the mean flux with a cover crop (126 g N'tat).
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Table 4.10 Mean and range of NHtoncentrations and fluxes in the field drains uritle two different
treatments during cover crop growth (September 200\arch 2014). SE is standard error

Drain Mean Mean NH*
Treatments D n NH." SE flux SE
(g N L) (g N ha'a?)
Without D10 18 11.8 3.6 42 12.5
COVETCIop  pg 15 10.5 17 136 46.1
Mean 11.2 89
D3 13 13.8 2.7 158 49.8
D16 16 21.6 5.2 122 40.8
With cover D1 22 10.7 1.7 103 32.4
crop D11 7 21 5.0 120 59.3
D2 24 10 1.4 70 12.1
D4 23 11 1.4 283 71.0
D6 17 11.6 1.9 25 8.1
Mean 13.1 126

The insignificant effect of the cover crop on Nioncentrations is also shown by the porous
pot data (Table 4.11). In February 2014, when cavep was present on some fields, AH
concentrations were not significantly (p > 0.05)yéw in cover crop fields than in bare fields,
ranging from 8-46 ug N L The number of measurements for Nidoncentration on the
subsequent two porous pot sampling occasions dmmtegreatly, which was due to either
damage to the pots or insufficient water yieldedHeypots. Thus, statistical analysis could not

be carried out for most of the sample measurements.

As it mentioned in the introductory of this chaptieat nearly all of the studies assessed the
effects of cover crops on reducing nitrogen lossnfifields considered N&rather than the
other two forms (NH" and NQ) of nitrogen. For instance, in a study to evaluate use of
cover crops in cereal-based cropping in Englandgddaald et al. (2005) measured NH
concentrations in the water under different treatsieHowever, it was observed that in all
experiments about 97% of the mineral N measurekdreachates was present assi&her
than NH". Consequently, leaching losses from MNiwas neglected. Therefore, it was not
possible to compare the results of the effectsowtr crop on NEH and NQ found in this

study to other studies in literature.
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Table 4.11 Mean of NF concentrations in porous pot samples from thrdeyges in the control treatment (no
cover crop & conventional plough), treatment (comap (CC) & reduced tillage (RT)), and treatmestver
crop (CC) & direct drill (DD)) collected on threarapling occasions. Means followed by different sapepted
letters are significantly different (p < 0.05) filne same sampling date and same soil type.

NH.4" (ug N L")

Apr.
Solil type Treatments n Feb. 2014 n 2014 n Feb. 2015

control 6 24 0 - 3 57°

Sandy Loam (CC&RT 4 7 2 326 3 Vs
(CC&DD) 4 32 2 14 5 293

control 8 31 1 222 0 -

Sa[‘g;’n?'ay (CC&RT 2 g 3 25 1 50
(CC&DD) 5 46 1 10 2 171

control 8 16° 2 20 0 -

Clay Loam (CC&RT 6 33 1 12 2 72
(CC&DD) 8 & 0 - 2 14F

During the 2014-2015 farming year when only différéllage practices where trialled as a
mitigation measure, the limited data obtained fitve porous pot samples in February 2015
revealed no particular pattern among the treatmamssil types (Table 4.11). It seemed that
NH4" concentrations were higher under direct drill th@der either reduced or conventional
tillage. However, with only three Nficoncentration measurements out of 90 sampling,site
it was not possible to conduct any statistical ysial It is also apparent from the field drain
data (Figure 4.6) that Nficoncentrations in (cover crop & reduced tillaged é&over crop &
direct drill) treatments during winter 2015 weret rsmubstantially lower than the control
treatment. The combined mean Nidoncentration for porous pots and field drain sa&spl
under conventional tillage during October 2014 wiA2015 was 33.3 ug N1, which was
not statistically different from 11.6 pug N'and 47.5 pug N £ obtained for reduced tillage and
direct drill treatments, respectively. Thus, thesenbined results from both field drains and
porous pots demonstrate that the reduced tillagedarct drill mitigation measures practiced
in 2015 did not reduce soil water Honcentrations compared to conventional tillageo(@a
4.12).

Like NH4" concentrations which showed no significant diffee between conventional and

conservation tillage, NH fluxes also did not change significantly (p > Q.6% the two main
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tillage types (Table 4.12). The mean NHux from field drains under conventional tillage
was 88 g N hada?, which was slightly lower than the NHux under reduced tillage (117 g N
ha!a?l) and higher than the Nflux under direct drill (17 g N héal). The higher NH' flux
under reduced tillage compared to conventionagél is in agreement with the B@ata
(Table 4.7) which also showed higher Nffuxes in the former compared to the latter. It is
noted that both NH concentration and flux values in water sampledectwd under
conventional tillage are in between the valuesiobthfor reduced tillage and direct drill.
Table 4.12 Mean NH concentrations and fluxes in both field drain @odous pot samples collected under

different tillage regimes during October 2014 tarib@015. Numbers followed by different supersceigtetters
are significantly different (p > 0.05)

Tillage type M(esgn I(\)lfLI'\{;_r SE Mea?ll?)i N_H SE
(g N hata?)
Conventional tillage 3338 12.2 8gP 49.3
Reduced tillage 11%6 3.5 117 49.8
Direct drill 47.8 16 17 4.9
4.2.4 Nitrite

Table 4.13 summarises the field drain nitrite @NConcentrations and fluxes for the three
experimental treatments during April 2013 to A@015. In total, 465 measurements were
made for N@ from water samples collected weekly over two yednse mean nitrite
concentration for all samples collected during pesiod was 4.5 pg N1, which is less than
half of the mean Nk concentration (11.8 pg N) and three orders of magnitude lower than
the mean N@concentration (5.2 mg N'1). No great variation in the mean H@bncentration
was observed amongst the field drains, with comaganhs in each individual drain always <10
ug N L. Among all 465 samples, the highestN©ncentration of 182 pug Niwas measured
in D10 in the last week of sampling {8March 2015). The second highest concentration was
measured in D8 during the same week (149 pg'N The mean N@flux calculated from all
the drains during the study period was 25 g N da Some drains had relatively low NO
fluxes, for instance D11 and D16 with only 1-2 d&ft a?, whilst others, such as D4 and D8,
had relatively high fluxes of 46 and 48 g NYtad, respectively. Nevertheless, field drain NO
fluxes were typically three orders of magnitude éowhan NG@fluxes (35 kg N haa?).
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Table 4.13 Summary of the field drain B&ncentrations and fluxes in the three experiniérgatments for
samples collected during April 2013-April 2015. BEtandard error

Drain Mean Mean NQ
Treatment D n NO2 SE flux SE
(Mg N LY (g N ha'a)
No cover crop & D10 57 7.5 3.2 19 8.4
conventional plough
(control) D8 39 7.0 3.8 48 22.5
D3 41 4.3 0.8 51 11.8
Covercrop &reduced 15 59 4.5 0.6 2 0.5
tillage
D1 70 3.1 0.5 28 5.7
D11 20 6.8 4.1 1 0.6
D2 73 3.2 0.5 25 3.6
Cover crop & direct drill
D4 70 3.3 0.5 46 7.1
D6 57 4.1 0.6 5 0.8

The temporal variation in field drain N@oncentrations across the three treatments isrshow
in Figure 4.7. Gaps in the measurements are duiegodack of drain flow during the
summer/autumn. Throughout the study periodzN@hcentrations did not show a major peak
in any treatment and remained relatively steady-40 pg N L. Only on a few sampling
occasions did the concentrations increase signifizaNO; concentrations showed a small
peak of 14 pug N £ in treatment (cover crop & direct drill) in lateugust 2013 when drains
from the other two treatments were dry. In mid-Meag914, all drains contained relatively
high NG concentrations (up to 14 pug NY)Lfor two consecutive weeks. In late May 2014,
coinciding with the second highlighted storm evenfigure 4.1, N@ concentrations only
increased in treatment (cover crop & direct duilbich was solely due to a concentration of 42
ug N Ltin drain D10. Another concentration increase waseoved in early December 2014,
when all drains in (cover crop & direct drill) hadnean value of 24.4 pg NLTowards the
end of the sampling period, N@oncentrations gradually increased in all dramsh very
high values recorded for D8 and D10 of 149 andd@® L, respectively. This sharp increase
in the (cover crop & reduced tillage) field drad10) NG concentration was also replicated
in the NH;* (Figure 4.6) and N@concentrations (Figure 4.2). It was also obseihed the
third highlighted storm event in mid-October 20E4fyre 4.1) caused a sharp increase i NO
concentrations in all drains and all three treatmé€Rigure 4.2), but did not increase either

NH4" or NO5 concentrations.
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Figure 4.7 Temporal variation in the mean nitrK&%) concentration of field drains from the three gation
measures treatments.

The effects of the cover crop on field drain Néncentrations and fluxes are presented in

Table 4.14. Unlike N®@concentrations which were significantly reducedlisy presence of a

cover crop during September 2013 to March 2014, MOncentrations and fluxes were not

significantly reduced under cover crop fields rieiato bare fields, as was the also the case for

NH4*. The mean N® concentration in field drains under cover cragds (2.6 ug N 1) was

not significantly (p > 0.05) different from the nmegalue under fields with no cover crop (2.5

g N LY. Likewise, the mean ND fluxes were also not significantly (p > 0.05)fdient

between drain samples collected under the cover(@dg N ha a') and those collected under

no cover crop (25 g N Haal).
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Table 4.14 Mean and range of field drain Ng@ncentrations and fluxes under the two diffecavier crop
treatments during September 2013 to March 2014s Standard error

Drain Mean NGO Mean NG flux
ID " wgnNry  SE (g N hata?) SE
Without D10 18 2.5 0.4 11 3.4
COVETCrop  pg 15 25 0.5 39 14.7
Mean 25 25
D3 14 2.6 0.5 30 9.5
D16 17 3.8 0.5 6 1.4
crop D11 8 3.2 0.9 4 1.9
D2 24 2.4 0.4 19 2.9
D4 24 2.3 0.4 66 15.1
D6 19 2.3 0.4 5 1.3
Mean 2.6 22

NO: concentrations and fluxes under different tillaaye summarised in the Table 4.15.
Although the mean concentration and flux values different, these differences are not
statistically significantly due to large variatiofFhe combined mean porous pot and field drain
NO; concentration under conventional tillage (12.0NugY) was not significantly (p > 0.05)
higher than that under reduced tillage (5.8 pg ) and direct drill (6.9 ug N1). Likewise,
the mean value of 76 g Nha? for NO; fluxes under conventional tillage was not sigpafitly

(p > 0.05) higher than that of 66 g N'fe' under reduced tillage and of 26 g N'fat under
direct drill.
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Table 4.15 Combined NZoncentrations and fluxes from field drain andousrpot samples collected under
different tillage regimes during October 2014 tarih@015. Means followed by different superscriptetlers
are significantly different (p > 0.05). SE is stardlerror

. Mean NQ Mean of NQ flux
Tillage type (Lg N 1) SE (g N hata?) SE
Conventional tillage 1220 4.8 76 41.1
Reduced tillage 5% 0.7 66 14.2
Direct drill 6.9 1.2 26 4.0
4.3 Summary

It is concluded from the data presented in thigtdrathat using cover crops as a mitigation
measure for reducing diffuse N pollution is verieefive. The mean concentration of By@he
predominant form of N in soil water, was signifitlgrreduced from 13.9 mg N-Lwithout a
cover crop to 2.5 mg N-twith a cover crop: an 82% reduction. Likewise, INfDxes from
fields were substantially reduced from 113 kg Nt B4 in bare fields to 17 kg N haat in
cover crop fields: equivalent to an 85% reductioNiflux. No statistically significant change
in NHs" and NQ@ concentrations and fluxes between cover crop ancbmer crop fields was
observed. However, these two forms of N contribomdy a small proportion to total N
leaching, so this does not lessen the overall &ffEress of cover crops at reducing N leaching.
Conversely, different soil inversion regimes tendedhave minimal effect on both the
concentrations and fluxes of any form of N. Thiag, dverall conclusion of this chapter is that
in agricultural areas where high nitrate lossesnfriields into ground or surface water

represents a major pollution risk, cover cropstoa highly effective mitigation measure.
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Chapter 5: DISSOLVED NITROUS OXIDE

5.1 Introduction

5.1.1 Nitrous oxide

Nitrous oxide (NO) is a potent greenhouse gas with a present atredspconcentration of
319 ppb (Forster et al., 2007)® persists in the atmosphere and has 300 times ghaial
warming potential than COand accounts for about 5% of the total greenhodfexte
(Omonode et al., 2011)..8 molecules also participate in photochemical reastin the
stratosphere which may lead to destruction of tréheprotecting ozone @player (Jacinthe
and Dick, 1997). BD is also linked to the release of nitric oxide amdmonia, which
contribute to acid rain and the acidification oilsand drainage systems (Mosier and Kroeze,
1998).

The concentration of this gas in the atmosphenamdseasing at an annual rate of ~0.3%
(Kroeze, 1994). Since the pre-industrial era, dladdenospheric MO concentrations have
increased by about 16% from 270 to 319 ppb (Syakild Kroeze, 2011). Agriculture is
considered to be the largest source fafONemissions from anthropogenic activities.
Agriculture accounts for about 60% of the totalONanthropogenic emission and global
agricultural NO emissions increased by nearly 17% from 1990 @b4@mith et al., 2007).
Global agricultural MO emissions are projected to increase 35-60% b9 #08 to increased
nitrogen fertiliser use and increased animal mapuoeluction (Bruinsma, 2003). Similarly,
Scheehle et al. (2006) estimated that emissioms &gricultural soils are projected to increase
by more than 50% by 2020 compared to 1990. Theeotiagricultural contribution to total
global nitrogen emissions is estimated at 4.7 Tg'Ni.e. 4.7 million tonnes of nitrogen per
year), but there is great uncertainty about thenttade of emissions because of the wide range
in estimates for different agricultural sourceseTion-agricultural anthropogenic sources of
N2O emissions are biomass combustion, stationarynastalle combustion, adipic and nitric
acid production, solvent use, waste incineratiogitives from oil and natural gas systems, and

fugitives from solid fuels.

The total flux of NO into the atmosphere from all sources is curresglymated at 18.8 Tg N
a, of which natural processes account for 65% amisrapogenic activities account for 35%.
The largest sources of naturalNemissions are soils, contributing ~35%, follovegdceans,
river and estuaries. However, there is some deastéo what fraction of the emissions

associated with rivers and estuaries should beidemsl as natural sources as these are driven
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primarily by anthropogenic contributions of nitrogi@to water bodies. Natural sources reflect
microbial processes in uncultivated soils, oceahaher aquatic systems, including wetlands
(Anderson et al., 2010).

N20 is one of the key compounds in the nitrogen cyitles produced naturally in the soils
through the microbial process of denitrificatiordanitrification. A number of anthropogenic
activities add nitrogen to the soils, thereby iasiag the amount of nitrogen available for
nitrification and denitrification, and ultimatelyné amount of MO emitted. Added nitrogen

from anthropogenic activities into the soil is ettldirectly or indirectly (Scheehle et al., 2006).
Direct addition is through activities such as crogppractices, application of fertilisers,
production of nitrogen-fixing crops (e.g. beans|spa and alfalfa), incorporation of crop
residues into the soil, and cultivation of high amg content soils. Indirect additions occur
through volatilisation and subsequent atmospheeposdition of ammonia and oxides of
nitrogen that originate from the application oftilesers and livestock wastes onto cropland
and pastureland, and subsequent surface runoffiemuthing of nitrogen from these same

sources (Scheehle et al., 2006).

N2O is an obligatory intermediate of denitrificatiqkquation 5.1), a series of energy
generating reactions during which nitrate is redutegaseous nitrogen compounds such as

NO, NoO or Nb. The generally accepted pathway is shown belowr(Bier, 1997):
NQ, -~ NO, - NO - N,O - N, (5.1)

Denitrification takes places under anaerobic camdlt when bacteria utilise nitrate as the
terminal electron acceptor in place of oxygen. Ddimation plays a vital role in the N cycle
of the atmosphere. In its absence, all biologicalgilable N that has been released from
igneous rocks of the Earth’s original crust and tieawould have been converted long ago to
its more thermodynamically stable form of D the ocean. Denitrification also represents
the only biological process for consumption N Williams et al., 1992). It is a vital step in
waste water treatment as it removes nitrate froewthter and thereby helps to reduce algal
blooms and eutrophication. Conversely, this pro@sounts for the major loss of fixed
nitrogen from both soils and the oceans, wid®Nomprising >5% of the denitrification end
product in soils (Nevison, 2000). It is consideasca major problem in farming as it decreases

the effectiveness of fertiliser by converting niéranto nitrogen gas. It can be seen from
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equation 5.1 that denitrification not only produde®, but it also reduces N, especially

when oxygen concentrations are extremely low.

A wide range of bacteria are able to denitrify. Jla@e facultative anaerobes and switch to
NOs as a terminal electron acceptor when oxygen cdreténs in soil become depleted

(Skiba and Smith, 2000). Types of denitrifiers ua# phototrophs, lithotrophs and

organotrophs which generate energy for growth asgkmeration from light, inorganic

substances and organic substances, respectivedy.lafter group are the most common
denitrifiers in soil and the aquatic environmerme8es oPseudomonas, Alcaligenes, Bacillus
andParacoccusare the most common denitrifers (Williams et 8892; Bernhard, 2012).

Early researchers assumed that denitrification tiwaonly biological process responsible for
N20 production in soils and that essentially allle# O generated from soils was produced
through the reduction of nitrate by denitrifyingamorganisms under anaerobic conditions.
However, it is now well documented that nitrifyingcroorganisms contribute significantly to
emission of NO from soils (Bremner, 1997). Nitrification is therobic oxidation of reduced
forms of nitrogen, mainly ammonium to nitrite andrate (Equation 5.2). XD generally
accounts for <1% of the nitrification end produtisoil in a normal oxygenated environment
(Nevison, 2000).

N,O N,O

NH; - NH,OH = 1 NO;, - 1 NG; (5.2)

The process of nitrification is associated with tietabolism of chemoautotrophic bacteria of
the familyNitrobacteraceagas well as several species of heterotrophic rarganisms. None

of these bacteria are able to oxidise ammoniunittate in a single step. Nitrification occurs
in two steps which are carried out by two differgraups of bacteria. 4D can be a by-product
of either step. In the first steNjtrosomonasandNitrosospirabacteria oxidise ammonium to
nitrite. The subsequent oxidation of nitrite taatié is facilitated by a second group of bacteria
which include Nitrobacter. Although low numbers of a few other ammonium @stity
chemoautotrophs are also present in many dditspbacteris the only genus known to be

involved in the oxidation of nitrite (Williams et.a1992).

Soil moisture, soil temperature, soil organic nrattérogen availability, availability of NH,
pH, redox condition, topographic position and agjtioral management practices have all been

identified as main factors controlling denitrificat and nitrification rates (Bouwman et al.,
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1993; Panek et al., 2000). Nitrification is a riglally constant process across ecosystems,
whereas denitrification rates are temporally aratiafly variable. In most soils, variability of
NH." and oxygen are the most important factors contilhitrification, whereas the major
controls on biological denitrification include tlaailability of organic carbon, oxygen and

nitrate or other nitrogen oxides (FAO, 2001).

Denitrification tends to produce greatesONemissions, whilst rates of-8 production by
nitrification tend to be smaller (Williams et 81992). However, conditions for nitrification in
soils are much more common and thus the contributionitrification to total global D
emissions is substantial (Skiba and Smith, 2000 balance between nitrification and
denitrification as contributors of 2 emissions will change with climate, soil conditiand
soil management. Generally, high rainfall, poorirtage, fine soil texture and high organic
carbon content promote denitrification and assedi&bO production, whereas low rainfall,
good drainage and aeration and coarse texture eahaitrification and associated-®
production (Groffman et al., 1991; Skiba and SmRBP0). However, in most soils the
dominant production mechanism is not static andsveitch very quickly. For example, soil
aeration levels can change rapidly in responsaitdall or increased oxygen demand caused
by the presence of easily mineralisable organidené®kiba and Smith, 2000).

The oxygen and moisture content of agriculturalssdepends on soil texture and drainage.
Fine textured soil have more capillary pores witggregates than sandy soils and so hold soil
water more tightly. As a result, anaerobic condgiomay be more easily reached and
maintained for longer periods within aggregatefina textured soils than in coarse textured
soils. The water content of the soils influence®Nmissions in all types of soil. Microbial
activity generally peaks at 30-60% water-filled @@pace. Nitrification and associategON
production also peaks at 30-60% water-filled popace, while ideal conditions for

denitrification may occur at 50-90% of water-fillpdre space (FAO, 2001).

5.1.2 Nitrous oxide in aquatic systems

The large uncertainties regarding the natural atldrapogenic sources and sinks ef\have
initiated many investigations into the>® found in aquatic systems. The firstQN
measurements from seawater were made by Craig andb@ (1963). Oudot et al. (1990)
reported that BD in the ocean is present at concentrations ingsxgkesaturation with respect
to the atmosphere at the temperatures and salevgts observed. Consequently, the open

ocean acts as a source for atmosphesia. Nhitially, it was believed that the oceans wohé&l
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the predominant source for®. However, a series of studies corrected this rataieding and

it is now generally accepted that the ocean is miut not predominant, source of®lto

the atmosphere, and contributes ~35% of the tathlral sources of XD and ~21% of all
sources (natural and anthropogenic) (Lal and P38@8; Bange et al., 2001; Rao et al., 2013;
Chen et al., 2014).

Several different methods have been used to estie® emissions from the ocean.
Preliminary studies used measurements of dissalgedentrations in the surface water and
estimated gas-transfer based on wind speeds. Eetimaave also been made using
observations of the correlation between dissolve® ldnd other gases. Recently, inverse
modelling techniques have been applied to calcukddively large scale emission estimates
for the northern versus southern hemispheres andrfd versus ocean fluxes (Anderson et al.,
2010).

Based on observations of water column profile€) i thought to be generated at intermediate
depths in the ocean and nitrification is believet& the dominant production process. This is
because BD is generally negatively correlated with oxygerm goositively correlated with
nitrate in subsurface and deep waters and ther&ngar relationship between the exces® N

in the water and the apparent oxygen utilisatida (@udot et al., 1990).2 production in
the surface layer is believed to be small becawggem limits denitrification, whilst sunlight
inhibits nitrification. Instead, pO is produced in the subsurface and subsequeatigported

to the ocean surface. Dore et al. (1998) foundrifigfication at 100-300 metres depth could
produce 70-90% of the oceanie®emissions based on isotopic measurements©filNthe

oligotrophic subtropical North Pacific.

N2O emissions from the ocean show great seasonalaitidl variation. Nevison et al. (2005)
argued that BD concentration should not be treated as an amongtant because it possesses
strong seasonality. This seasonality is causetdyrtal effects during the summer and a larger
mixing effect during the winter as the depth of theface mixed layer deepens and deeper
N2O enriched waters are mixed together. Nevison. ¢2@05) suggested that the mean annual
N2O emissions from ocean water may be overestimateduse the majority of surface®
measurements have been made during summer. Fudiegrotean BD emissions are not
uniformly distributed over the ocean surface. Nemiset al (2003) found that )N
concentrations are highest in the eastern tropiaalfic, moderate in the northern Pacific and
Indian Ocean, and relatively low in the Southerd Atlantic Oceans. Hirsch et al (2006) also
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calculated high BD emissions from the equator, with moderate emmssimom the northern
hemisphere and very low emissions from the southemisphere. PO concentrations have
been found at unusually high levels of supersatumah the oceanic samples collected in the
vicinity of upwelling areas (e.g. coastal Peru,|l€hArabian Sea, western South Africa, eastern
New Zealand and the California coast). Sine®Ns mainly produced in subsurface waters,
upwelling provides a rapid pathway to the surfaten it degases. Regions of upwelling are
also areas of enhanced primary productivity, wiegults in higher fluxes of organic material
sinking into deeper waters. Consequently, thismgaput depletes oxygen levels and creates
conditions favourable for denitrifers as well agiférs (Anderson et al., 2010). Lal and Patra
(1998) discovered that the Arabian Sea contribsiggsficantly to NO emissions, generating
~13-17% of net global oceanic emissions despite dhta accounting for only ~1.7% of the
total ocean area.

The increasing concern abowlin the atmosphere has also initiated numerotestigations

in freshwater systems. Unlike the oceans, emissioms freshwater bodies (i.e. rivers,
estuaries, lakes and groundwater) are generakbgified as anthropogenic rather than natural
sources of WO because they are highly impacted by human aesvif\lthough they cover a
relatively small area globally, they represent \a&ctsites for aquatic productivity and
biogeochemical cycling which leads to relativelghiemissions in comparison to the open

ocean.

During transport in streams, rivers and estuanisgte can be denitrified or assimilated by the
biota. Within the N cycle of open water bodies, enal N species can be produced or retained,
and NO can be produced by nitrification as well as paatland reduced by denitrification
(Well and Butterbach-Bahl, 2010). Using a globaérinetwork model, Beaulieu et al. (2011)
estimated that microbial nitrogen transformatiang.(denitrification and nitrification) convert
at least 0.68 Tg N-hof anthropogenic nitrogen inputs te®lin river networks, equivalent to
10% of the global anthropogenie® emission total. Beaulieu et al. (2011) also fotiad this
estimate of stream and rivep® emissions is three times greater than that estariay the
IPCC (2006). Seitzinger and Kroeze (1998) modetleel emissions of M0 from rivers
globally based on the rates of riverine nitrificatiand denitrification and assumptions about
likely factors. They estimated that rivers couldhicoute as much as 25% of the global total
anthropogenic pD release into the atmosphere. Rosamond et al2}28ported that global
riverine NNO emissions are currently estimated to be 0.9 Tg'Nequivalent to 17% of

anthropogenic agriculturald® emissions, by assuming a linear relationship eetwdissolved
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inorganic nitrogen inputs to rivers and riveringCNemissions. Recent studies, however, have
shown that riverine PO emissions are the most uncertain component ofulrent estimate
due to a combination of insufficient data and arpoonceptual understanding of the
mechanisms controlling riverine>8 dynamics spatially and temporally (Yu et al., 201
Another study by Cole and Caraco (2001) calculatéower NO contribution from rivers.
Based on a modelling study, they calculated thatsimight contribute only ~1.3% of the total

anthropogenic PO emissions in the Hudson watershed.

In a study of the eutrophic San Joaquin river idif@aia, Hinshaw and Dahlgren (2013)
established a mean dissolveedONconcentration in surface waters of 0.91 plgand all the
samples were supersaturated. They also found kleatconcentrations were significantly
different between months and displayed a strongsased pattern, with the lowest
concentrations found in April and highest concdidrs recorded throughout the summer
months. Outram and Hiscock (2012) measured diss®y® concentrations on different water
compartments in the Upper Thurne river , eastemgidfl, and found that the concentrations
were highest in pumped drainage sites, followedhgydrainage channels and river, whilst
shallow lakes had the lowest concentrations. Thend that all sites had-® concentrations
higher than would be expected when atmospheti@ doncentrations are in equilibrium with

the water, meaning that all water bodies were ga@sisource of XD to the atmosphere.

N2O emissions from lakes have been less thoroughlgsiigated compared with other
freshwater bodies. Lakes are not recorded as asotiNO emissions in the 2007 IPCC report
as they are generally considered a minor sourblz@femissions to the atmosphere. According
to Anderson et al. (2010),.8 emissions from lakes are ~0.004-0.04 Tg\Nexquivalent to
0.02-0.2% of total global M0 emissions. Oxygen concentrations are an impoiftastor
controlling the balance between nitrification anenidrification processes. Lake oxygen
concentrations are affected by water temperatuagemdepth and the rate at which oxygen is
consumed by biota living within the lake water aedliments. Prisu et al. (1996) argued that
most studies of marine systems have concludedNg@is produced via nitrification in surface
waters, whereas denitrification may be the souraexiygen depleted deep water. This pattern
is not that simple in lakes, perhaps because af thide range of trophic states. High-®!
concentrations observed in several eutrophic laqgsarently arise from denitrification,
whereas MO in the water column of more oligotrophic laked@ieved to be produced by
nitrification or a combination of both mechanisrs.a study of 15 Swiss lakes of different

size and trophic status, Mengis et al. (1997) idiedtthat NO was produced in three zones:
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(1) near the surface (epilimnion) which is obsergedasionally in eutrophic lakes and seems
to be attributed to the presence of actively grgnatgae; (2) in the oxic hypolimnion (water
below the thermal boundary in thermally stratifiakles) which may be due to nitrification and
inhibition of NbO reduction in the presence of oxygen; and (3xayanoxic interfaces in the

hypolimnion, which is attributed to both denitrdiion and nitrification.

N2O emissions from field drains have been poorly istido date. MO losses in leached
drainage water from agricultural land were firgioged by Dowdell et al. (1979). Bowden and
Bormann (1986) indicated that afteeQN is produced by microbial activity in the sail, it
dissolves into soil water and leaches through dilergo streams where it rapidly degases and
is released into the atmosphere. They also poiotedhat these losses ob® from such
sources, which may be important to the global aphesc budget, have been overlooked
because they may be displaced temporally and #pditam expected sites of 2D production.
Reay et al. (2003; 2004a; 2004b) conducted a stndypO emissions from a drainage system
underlying arable fields and discharging into &lditThey concluded that-® discharged by
field drain outfalls was quickly released into #temosphere during transport in the open ditch.
They also found that the complexity of the proahss to both spatial and temporal variability
was ultimately responsible for the poor relatiopshetween applied fertiliser N ancb®
emissions from field drains. In a study ofQNemissions from 28 drained agricultural areas in
the upper Neckar region, Germany, Hack et al. (R002erved a wide range (0.4-60 pugiy |

of N2O concentrations corresponding to different land ywactices, which in turn
corresponded to different nitrate concentrationkeyl concluded that the averageON
discharge in field drain water appears to be ofanimportance in comparison to the direct

N2O emissions from soils.

Groundwater systems have recently been investigatbe assessment of globalNsources.
Numerous studies have shown that groundwater whistpersaturated witho® with respect

to the atmosphere will release any exces3 Mto the atmosphere at its outlet, such as spring
seepages, instream and pumped wells (Bochove, 206l1; Reay et al., 2003; Reay et al.,
2004b; Minamikawa et al., 2010; Jahangir et al}30McMahon et al. (2000) listed reasons
for nitrogen-enriched groundwater to be a potegtiahportant anthropogenic source of
atmospheric BO. These were are follows: (a) dissolveDNn groundwater has been reported
at concentrations up to three orders of magnitadgel than air-equilibrated water; (b) the
areal extent of groundwater contamination fromggamiic nitrogen has increased over time due

to increased fertiliser usage; (cgIfrom groundwater can be transferred to the Esghiface
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through several outlets, including well pumpingtunal discharges at springs and in lakes and

oceans.

In a study of MO in boreholes and springs in the unconfined Chglkfer of Cambridgeshire,
Muhlherr and Hiscock (1997) suggested that groumeimaay be a significant component of
the global NO budget. This was because all the samples thégcted were oversaturated
with N2O, with concentrations ranging from 13 to 320 tirgesater than the air equilibrium
concentration. They suggested that nitrificatiors wee main mechanism for® production
based on a strong positive correlation betwegd Ahd N@ and a weak correlation between
N20 and Q concentrations. A study by McMahon et al. (2000)he US central High Plains
aquifer also found thatd® may be produced primarily by nitrification as liigopncentrations
of O, and N@ and low concentrations of NHand dissolved organic carbon were measured.
However, they came to the conclusion that the @uki>O from the aquifer to the atmosphere
through well pumping and groundwater dischargett®asns was not a significant source of
the atmospheric 2D. Vilain et al. (2011) came to the same conclusiornvthey calculated
annual NO emissions from groundwater of 0.035 kg N!lag, equivalent to just 1.8% of the

direct NO flux from agricultural land.

The United Nations Framework Convention on Clim&teange (UNFCC) calls for the
compilation of national emission inventories foade gases (GO CHs and NO) that
contribute to climate change. The IntergovernmeRtalel on Climate Change IPCC (2006)
has developed protocols for quantifyingONemissions from industry, agriculture and natural
ecosystems. The totab®@ emissions from agriculture are divided betweeaatiand indirect

emission.

5.1.3 Direct N2O emissions

N20O emissions occurring from agricultural land usgude direct emissions from the soils as
well as indirect emissions caused by nitrogen flofinem agricultural fields into the
surrounding aquatic environment (Well and ButtelbBahl, 2010) as is shown in Figure 5.1.
In most agricultural soils, production ob® is enhanced by an increase in available mineral
N which consequently increases nitrification anditigication rates. Addition of N fertiliser,
therefore, directly results in extrao® production. Nitrogen additions to soils can banfr
synthetic fertilisers, animal manures, biologicaffikation through N-fixing crops, crop
residues returned to the field after harvest amddrusewage sludge applications. Most studies

on NO emissions from agricultural soils have invesegdathe difference in D formation
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between fertilised and unfertilised fields. Emissidrom unfertilised fields are considered
background emissions (Mosier et al., 1998). DiNe€d emissions from agricultural soils have
been well documented (Bouwman, 1996; Skiba etl8bg; Beauchamp, 1997; Smith et al.,
1998; Dobbie and Smith, 2003; Van der Hoek e28l07; Rochette et al., 2008b)

Indirect N,O Emissions

T - = M

Direct N,O Emissions

Riparian
Zone

III ]

Stream
T "..Pischarge

e

Groundwater
Flow

Figure 5.1 Nitrogen pathways from arable fieldadjacent environments and associated indirecx N
emissions (Well et al., 2005b).

5.1.4 Indirect N20O emissions

A major proportion of excess agricultural N is llead as nitrate into the surrounding aquatic
environment. The IPCC (2006) considers that ~30%pplied N is lost through leaching and
runoff with an uncertainty range of 10-80%. Thisdmf N by leaching provides enhanced
conditions for nitrification and denitrification toccur and consequently accelerate®©N
production. Indirect emissions resulting from Ndeag into aquatic systems, therefore, are
considered a potentially important®l source. However, its magnitude is still underadep
with the uncertainty associated with currents est® of almost two orders of magnitude,
which is larger than the uncertainty for otheXONsources (Well and Butterbach-Bahl, 2010).
The aquatic pathway for reactive N originates echéng and runoff from agricultural fields
and ultimately ends up in the ocean after passingugh a chain of connected systems (i.e.
aquifers, riparian area, rivers and estuaries) hasvs in Figure 5.1. PO produced in

groundwater and unsaturated zones can be trandptwtéhe atmosphere via upwelling
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diffusion (Deurer et al., 2008) or groundwater dege to wells, springs and streams, because
once groundwater is discharged into surface watdrels the dissolved 2 may partially or

completely degas to the atmosphere (Reay et @490

Indirect NO emissions from groundwater, streams and rivamsiving N-rich drainage water
from agricultural fields have been poorly investeghto date, while direct sources ofNfrom

soil have been fairly well documented (Outram arnstcbck, 2012). Furthermore, estimating
indirect NO emissions is complicated by the fact that itfisrodifficult to separate the fluxes
originating from agricultural land from other N soes. As an example, riparian buffers are
described by Well and Butterbach-Bahl (2010) tovsliee complexity of natural processes.
Riparian buffers between agricultural fields andaitns receives N via subsurface groundwater
flow, atmospheric deposition from industrial, agitaral and natural sources, biological N
fixation and potentially N from different sourcesthe stream during flooding.o® emitted at
the soil surface is thus a mixture of groundwatenve@d NO of mostly agricultural origin and

N20 produced in soil that originates from industréricultural and natural sources.

Investigations to determine the importance of iacif\bO emissions relative to direct:G
emissions and to the globab® budget have shown inconsistent results. Studiestreams
(Beaulieu et al., 2008), groundwater (Ueda et1#91), aquifers (Hiscock et al., 2003) and
field drains (Hack and Kaupenjohann, 2002; Reayalet 2004b) have shown that the
contribution of indirect MO emission to the overall ) budget is insignificant. Conversely,
other studies on different surface water bodiegr@uand Hiscock, 2012), on aquifers (Ronen
et al., 1988a), and on some groundwater systenda(Beal., 1993) have shown that indirect
N2O emission can be significant. The latter two stadliscussed that these indirect emissions
cannot therefore be overlooked when constructigiglaal NO budget, especially considering
the worldwide trend of increasing groundwater comtation by N@Q. The objective of this
chapter is to investigate the spatial and temparahges in dissolved2® concentrations in
field drains and stream waters and the factors @ yloese changes. Another objective of this
chapter is to assess the effects of the mitigatieasures on XD concentrations.

5.2 Results and Discussion

5.2.1 Spatial variation of nitrous oxide concentrations

A summary of dissolved #D concentrations in field drain and stream wateras collected
throughout this study is presented in Table 5.4, Rigure 5.2 shows the variations inON
concentration for each field drain and stream s$itd¢otal, 645 water samples were collected
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from field drains and 308 samples were collectedhfstream sites, such that 953 samples in
total were obtained for XD analysis over the duration of this study. Sonzndr(e.g. D1, D2
and D4) were flowing almost continuously throughthg study period, such that a greater
number of samples were collected from these drainereas others (e.g. D11 and D13) flowed
for less than one year and thus yielded fewer sesnplll of the drains were found to have
dissolved NO concentrations higher than would be expected whenospheric BD
concentrations at in equilibrium with water, whish-0.35 pug N 2 (Forster et al., 2007). Field
drain NNO concentrations ranged from 0.4 pug N, Ljust above the atmospheric-water
equilibrium, to 34.4 pg N £, 100 times greater than atmospheric-water eqitilitor Stream
water contained pO concentrations 1-20 times greater than the atheygp-water equilibrium

concentration. This demonstrates that all sitegw&eting as a source of® to the atmosphere.

A mean NO concentration of 4.5 pg Niwas calculated for all field drain samples. Among
the drains, D11 had the highest mean value (8 jLg)Nand D2 the lowest (1.9 pg NY). For

all the stream samples, a mean value of 1.4 ug*Nvas calculated, with concentrations
ranging from 0.35 pug NEto 7.3 pg N IX. Among the stream sampling sites, site M had the
lowest mean concentration (1.0 pug N)land site B the highest (1.8 pg N)L
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Table 5.1 Summary of dissolved®l concentrations in field drains and stream samgdéiscted during April
2013-April 2015

. Mean NO Range of NO
Location ID n _ B
(Mg N L (Mg N LY
D1 73 3.9 0.4-11
D2 83 1.9 0.4-7.2
D3 39 4.1 0.6-12.4
D4 74 6.5 0.7-19.5
D5 62 4.5 0.9-21.4
D6 52 3.8 1.1-10.1
Field Drain D7 43 5.3 0.7-32.9
D8 41 6.3 0.6-34.4
D9 45 5.2 0.6-16.9
D10 49 6.2 0.7-29.6
D11 16 8.0 2.6-14.6
D13 27 4.2 0.7-9.6
D16 41 2.0 0.4-4.4
A 77 1.3 0.7-6.3
B i
Stream 77 1.8 1-4.7
E 77 1.6 0.9-7.3
M 77 1.0 0.35-7.1
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Figure 5.2 Boxplot of dissolved® concentrations in field drains (D1-D16) and ieatm water (A, B, E and
M) for samples collected during April 2013-April 28. The horizontal dashed line represents the qthesi
N2O concentration when in equilibrium with water ®3g N L2).



There are very few studies of dissolveeONconcentrations in field drains. Dowdell et al.
(1979), who studied dissolved® in agricultural drains for the first time, fouadange of 1-
132 ug N [t in three different locations across southern Bmjlén a study of D discharged
from 28 drained agricultural areas in the upperKdecegion, Germany, Hack et al. (2002)
observed a range of 0.4-60 pg Nih N>O concentration corresponding to different nitrate
concentrations and land use. One potential reasdhé relatively wide range in reportedN
concentrations in these two studies is that theoaardrains were located in different countries
from areas of different land use. Therefore, tleédfidrains experienced different climates,
notably rainfall, and different farming practicescluding amounts of applied N fertiliser,
which consequently generated a wide range 69 Noncentrations. A study by Reay et al.
(2004b) on one particular field drain under ardatel planted with spring barely on the Bush
Estate, Scotland, revealed a narrow range2@ bbncentration (2-4 ug N over a 45 day
sampling period. Sawamoto et al. (2010) reporteat thissolved DO concentrations in
drainage water at a depth of 1.7 m in a lysimétatr ¢contained a brown forest soil ranged from
3.7 to 123 pug N1. In another lysimeter experiment, Minamikawa et(2011) recorded an
N2O concentration range of 0.4 to 500 ug™NThus, in total, a range of 0.4-132 ugNig
reported in the literature for dissolve@d@ concentrations from field drains under different
land use, which compares with 0.4-35 pg'Mdcorded in this study. This is towards the lower
end of the range reported in some studies, butrttsve higher end of the range reported in
others.

Compared to field drains, stream samples contasnggaficantly lower NO concentrations.
This illustrates that pO is rapidly degassed from field drain water on¢®as come into contact
with the atmosphere. This degassing of supersatirBdéO in subsurface drainage and
groundwater to the atmosphere after discharge tiac water has been also reported in
previous studies (Bowden and Bormann, 1986; Real,62003; Minamikawa et al., 2011; Li
et al., 2013). Other studies have found similaugsalfor dissolved PO in surface water. In a
study on nine sites of the eutrophic San JoaquuerRiCalifornia, over a 13-month period,
Hinshaw and Dahlgren (2013) found a mean dissdN#€i concentration in surface waters of
0.91 pg L and all the samples were supersaturated. OutraitH&stock (2012) measured
dissolved NO concentrations on different water bodies in thgpér Thurne river, eastern
England, and found that river samples containeccamtoncentration of 1.7 pgtLOutram
and Hiscock (2012) also found that all the sampieas had BO concentrations higher than

would be expected when atmospherg©ONoncentrations are in equilibrium with water.

120



5.2.2 Temporal variation in nitrous oxide concentrations

The temporal variability in field drain and streamater NO concentration is presented in
Figure 5.3. Gaps in the measurement in dra@ Boncentration are due to lack of drain flow
during the summer/autumn. As summer 2013 was appiog, NO concentrations gradually
decreased in all drains, perhaps due to both andeiri water flow rate and a decline in
potentially leachable nitrate due to crop growtlthis period. Drain samples contained lower
N2O concentrations in summer 2013 than summer 20dgkilply because of lower rainfall
totals in 2013 (106 mm) compared with 2014 (194 mktthough a large amount of rainfall
occurred in autumn 2013 (244 mm), including thgéat storm event in mid-October 2013 in
which 68 mm fell in one week, 2 concentrations in field drains remained low wib
obvious peak corresponding to this storm event. Bwe N>O concentrations continued
through winter, spring and summer 2014 with a slighadual increase. The low-®
concentrations throughout this period might be ttuéhe fact that most of the drains were
draining fields under spring beans which receiviitee no N fertiliser or only 30 kg N HaA
pronounced increase ino® concentration did, however, occur in autumn 2@t#n the
highest values of the study period were recordedd7 (31.3 pg N 1) and D8 (34.4 ug NL
1. These higher pO concentrations continued throughout autumn amtiew2014-2015, such
that levels were considerably higher than they Ieh in the previous year (2013-2014). In
some drains, PO concentration decreased more or less continudngsty winter to summer,
particularly in the first sampling year, which celated strongly with decreasing water flow
rates in summer (see Figure 5.8). Temporal vanatin NO concentration in stream samples
were not as apparent as in the drain samples. §hout the study period,2® concentrations

were consistently highest at site B, followed kg &, site A and finally site M.
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Figure 5.3 Weekly rainfall totals (top), dissolMeeO concentrations in field drains (middle) and iream
samples (bottom) throughout study period.

N20 concentrations in the field drains and streansparded differently to the three main
rainfall events which occurred throughout the stutllye highest weekly rainfall (68 mm)
which occurred in mid-October 2013 created no ckang\bO concentration in the flowing
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drains, however, most of dry drains started flowarfiger this event. Also, with the exception
of site M, none of the stream sites showed an asaén NO concentration in response to this
rainfall. N2O concentration at site M increased from 0.6 pgNotior the event to 2.5 ug N
L during the event. Regarding the second storm ewhith occurred in late May 2014, no
significant increases ind® concentration were observed in most of the diamnasstream sites,
with the exception of site M which showed a sligidrease (0.5 to 1.6 pg NY).and drains
D1 (1.3t0 5.9 ug N£) and D8 (2.5 to 7.9 pg N1) which showed modest increases. Unlike
the storm event in autumn 2013, the storm eveftdtober 2014, in which 54 mm of rainfall
fell in one week, resulted in a pronounced ris&l#® concentrations at all stream sites and
flowing field drains. During this week, the maximupO concentrations were recorded in all
four stream locations. 2D concentrations at site M, for example, did nateed 2.5 ug N ¢

in the previous one and half years of data cobbectbut during this storm a concentration of
7.1 ug N [* was measured. 0 concentrations in the field drain samples alsakpd in mid-
October, but this was less pronounced as mosteofithins were not flowing prior to this
rainfall event. Autumn rainfall, therefore, can siirmes cause a flushing event with higdON
concentrations associated with nitrification ofidesl soil nitrate post-harvest. Thus, this study
shows that whilst BD concentrations in field drains and instream ammetimes heavily
impacted by storm events, on other occasions feeta$ not noticeable. No clear relationship
between MO concentration and rainfall was observed in adfedain study by Reay et al.
(2004b), which they argued might be due to tims lagtween rainfall and the resulting impact
on NeO concentration. Such time lags are themselvelylikdbe extremely variable due to the

spatial heterogeneity of soil N processing.

During this study, samples from field drains anehst sites were collected continuously for
24 months, such that samples were obtained twiceedch season. To evaluate seasonal
changes in the XD concentration of field drains and in stream,salinples collected in a
particular season were combined (Figure 5.4) fanggMAM), summer (JJA), autumn (SON)
and winter (DJF). In all seasons;concentration was significantly lower in stredrart in

the field drains, which is due to the rapid degagsif O from the drain water once it comes
into contact with the atmosphere,N concentrations were significantly (p < 0.05) lowe
during summer than any other season in both thendrand the streams, with mean
concentrations of 3.02 and 1.02 pg N, kespectively. These low summer concentrations are
probably due to both a decline in water flow ratel @ decline in potential leachable nitrate

due to nutrient uptake by the growing crops. Loa@ncentrations in field drains during the
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summer were also observed by Hack et al. (2002¢ dtmer three seasons showed no
statistically significant differences in the fietftain NO concentrations, although values
during spring (mean = 4.9 pug N'Ltended to be slightly higher than the other t@as®ns.
Regarding stream samples, no significant differemae observed between samples collected
during winter and spring, although the autumn (nmedn82 pug N () did have significantly
higher (p <0.05) MO concentrations than winter and spring. The stevent in mid-October
2014 generated extremely high@concentrations at all four stream sites anddbigributed

to the high NO concentrations observed during the autumn. Woayear study investigating
the effects of season on® production in headwater streams in the Kalamawer basin,
south-west Michigan, Beaulieu et al. (2008) fouhalt tthere was no seasonal pattern i@ N
concentration in 2004, but in 2005® values were highest in winter and lowest during
summer. Therefore, it is concluded from this sttidit O concentrations in both the streams
and field drains vary seasonally, with the lowestaentrations occurring typically during the

summer.

M Drain samples

5 m Stream samples

N,O (ug N L)
w N

N
L

Spring Summer Autumn Winter

Figure 5.4 Average D concentrations in field drains and in stream veadieiring different seasons in samples
collected during April 2013-April 2015. Error baepresent the standard error. Significant diffeesn@ <
0.05) are indicated by different letters for thensatype of water samples.

5.2.3 Nitrous oxide fluxes
The fluxes of NO from field drains into the atmosphere were catad based on the

assumption that all of the dissolvedQN at concentrations above that of air saturat&n i
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subsequently lost to the atmosphere (Lemon and hed®81; Bowden and Bormann, 1986;
Hack and Kaupenjohann, 2002; Reay et al., 2004h)s;Tthe air saturation2® concentration
(0.35 pg N [}) was subtracted from the measured dissolvg ddncentration, then multiplied
by flow rate and divided by drain area (see secligh2.2) to obtain the 70 flux in field
drains. Drain samples were taken on the drain sudee Figure 2.11 A), there may be losses
of N2O in the drains before samples were taken. Thtisyaes of NO fluxes from drains are
likely to be underestimated..Q fluxes from stream water were calculated usireggame
method as Outram and Hiscock (2012). The wategas exchange for stream water is
calculated according to Equation (5.3):

F =kC, G (5.3)

h

where:F is the flux of gas (mol crhh?); k is the transfer velocity of 4D across the water-air
interface (cm H); Cy is the concentration of A in water (mol cr); Ca is the concentration
of N2O in air (mol cn?); andk'y is the Henry’s law constant for.® which is dimensionless
and obtained from literature as 1.02 (Sander, 1999is obtained from field sampling a@
is calculated taking the ambient@ concentration as 319 ppb (Forster et al., 208%alue
for kwas calculated according to Clark et al. (1995)@8, wind speed in (cm, obtained

from weather station at Site A (Equation 5.4):
k = 20+ 024u? (5.4)

The field drain and instream fluxes of@lare presented in Table 5.2. The mea® Hux for

all drains during the study period was 30 g N B4 with a range of 0-1169 g N Ral. The
mean NO flux for most drains was between 10 and 40 g Nata however, drains D16 and
D11 had low mean fluxes (<5 g N-ha?), whilst fluxes for D4 (89 g N h&al) and D5 (79 g

N ha'al) were high. Low flow rates are the main reasontfiar low fluxes in the former,
whilst high flow rates explain the high fluxes iretlatter drains. It is apparent that drains with
high NbO concentrations do not necessarily generate tigeda fluxes of MO into the
atmosphere, with flux depending upon both concéntraand flow rate. D11, for instance has
the highest meanJ® concentration (Table 5.1) yet one of the lowesgD Kuxes due to low
flow rates per drainage area. Thus, field drapdNischarges from agricultural soils varied
considerably between different drains becauseghf ariability in both flow rate and drainage
area. Nevertheless, the annual field drai@Nuxes in this study are comparable to the range
observed by Hack and Kaupenjohann (2002) in whichuit of 28 sites studied had field drain
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N2O fluxes of between 10 and 120 g N't&t. However, the highest value reported was only
about 365 g N haal, which is lower than the highest value recordethis study (1169 g N
ha! al). Additionally, the NO fluxes presented here are consistent with theevaf ~50 g N
hat a' recorded from agricultural drains between Novenamet March in a study reported by
Dowdell et al. (1979).

Calculated instream dissolved® fluxes per hectare ranged from 0.016 to 40 kgalN &,

with mean value of 5.5 kg N Haa. This value is significantly higher than theQ\fluxes
from field drain. However, it should be noted ttra stream fluxes here are calculated per area
of stream surface which cover a relatively smatlaain the catchment (Figure 2.5 and Table
6.2). This is also comparable to the mea®Mux of 7.3 kg N h&a’ calculated by Outram
and Hiscock (2012) for the River Thurne in soutbtdangland. Site B had the highesiON
fluxes and site M the lowest, as was true fe©ONoncentration. Also, the calculated stream
N2O fluxes here is in the range of (2-18 kg Ntlzt) estimated in a study of the eutrophic San
Joaquin river in California by Hinshaw and Dahlg(2613).

The calculated mean field drairs® flux of 30 g N h& al is three orders of magnitude lower
than the mean flux of NE(35 kg N ha a') (see Section 4.2.2.2) and is the same order of
magnitude as the mean fluxes of NK65 g N ha a?) and NG (25 g N ha al). This again
demonstrates that NQs the dominant form of N transported from fieldaids into the
surrounding environment. Also, this emphasises thabss in the form of BD is not
insignificant and can be as great as or even grd@a NH* and NQ. Compared with direct
N2O emissions of 0.5 to 1 kg N ha* calculated for soils planted with winter wheatl®06

and 1997 in the UK (Dobbie et al., 1999), theskratt emissions from field drains are ~6%
of this flux. Therefore, the contribution of indotesources of BD from field drains is

significant.
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Table 5.2 Mean and range of dissolve®DNIuxes from field drains and stream sites dusugil 2013-April

2015
D Mean NO flux Range of NO flux
(g N hat a?) (g N ha' al)
D1 42 0-572
D2 16 0-120
D3 67 0-1169
D4 89 0-391
DS 79 0-562
D6 5 0-64
Drain D7 13 0-345
D8 29 0-291
D9 6 0-57
D10 9 0-69
D11 4 0-109
D13 7 0-65
D16 1 0-10
A 5107 1002-23000
Stream B 7533 1734-40967
E 6331 1476-34977
M 3090 16-23103

The temporal variations in field drain and instrellp® fluxes are illustrated in Figure 5.5.
The NO flux in all field drains was low in summer 2018dause most drains were either dry
or had very low flows at this time. Fluxes from disains were considered to be zero as no
dissolved NO came out of the drain. The largest weekly raiefadnt (68 mm) in mid-October
2013 generated no flux increase in any drains reast sites. However, the smaller rainfall
event in mid-February 2014 (38 mm in a week) geedra sharp increase in most of drains
and all the stream sites. After summer 201A) Nuxes from both field drains and stream sites
increased during the autumn following a flushingrvin mid-October. Similar to the previous
year, a less pronounced storm event in late-Novera@&4 (30 mm in a week) generated a
sizable increase ind® flux from both the drains and instream, in whattmost all drains (D1,
D3, D6, D7, D8, D9, D10, D11 and D13) delivereditheaximum NO fluxes into the
atmosphere. Thus, it is apparent that rainfall &/are important drivers behind the temporal
variability in field drain and instream2® flux. N2O fluxes from drains are calculated from
N20 concentration and flow rate. Field draiaONfluxes were significantly lower in summer

compared to autumn and winter because of very llmw frates (Figure 4.5) and low
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concentrations (Figure 5.3). For the total annluedes, highest losses ob® into atmosphere
occurred during the winter (54%), followed by auturf25%), spring (18%) and finally

summer (3%).
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throughout study period.
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5.2.4 Downstream variation in nitrous oxide concentration

Sites A, E and M are situated on the same streaimsite M being 1035 m upstream of site
A, which in turn is 725 m upstream of site E (Fg@:.6 and Figure 5.6). The results revealed
that NNO concentrations increased downstream and thid t&s consistent across the entire
study period. Out of a total of 77 sampling datesrdhe two-year monitoring period (Table
5.1), NO concentrations were higher at site A than siteM71 occasions, whilst on 70
occasions BD concentration were higher at site E than sitdt Avas calculated that 70
concentrations increased by an average of 0.3 g &s water moved downstream from site
M towards site A, and increased a further 0.3 pig’Nas water moved from site A to site E.
Thus, it is calculated that averageONconcentrations increased downstream by 0.6 ugtN L

over the 1760 m distance between sites M and E.

This increase downstream may be due to two reasinssly, water with high dissolved
concentration enters the stream as it moves dogarstrFive drains, namely D2, D1, D4, D6
and D5 enters the stream between sites M and Aasmdhs shown earlier all these drains had
higher NO concentrations than stream water. Althoughasisumed that drain water will lose
all dissolved NO to the atmosphere when concentrations are abavetair saturation, some
dissolved NO above the atmospheric-water equilibrium may remaihin the water and enter
the stream. Moreover, stream B had the highe&t dbncentration for almost all of the time
(Table 5.1 and Figure 5.3), with a mean concemna®i2 g N [ higher than site E, and this
entered the main stream just after site A. Thargiof this high NO water body would likely
raise the MO concentration downstream. The second potentigdecéor this increase is;8
production within the stream itself. A3® is produced by both nitrification and denitrificen,
changing nitrate concentrations along the streaghtgontribute to the production of®
within the stream. Unlike theJ® data, nitrate concentrations for the stream éstes Chapter
6) illustrated no particular pattern from upstremndownstream. However, as Abbasi and
Adams (2000) mentioned, it is possible that soitl amater conditions may allow both
nitrification and denitrification to take place sittaneously so that &0 may be produced

without an obvious change of nitrate.
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Figure 5.6 Mean monthly /D concentrations at three stream sampling sitesreddby distance downstream.

5.2.5 Potential factors controlling N20O concentrations

5.2.5.1 Sail texture

In addition to the effects of rainfall and seasarfield drain dissolved pO concentrations, an
attempt was also made to evaluate the effect dbtexture. Areas of the drains were divided
into two dominant soil types (clay loam and saraiynh) based on the soil texture data collected
in this study (Figure 3.2 and Figure 4.4). Drair3 D7, D8, D9, D10 and D13 were within
mostly clay loam soils, whereas drains D1, D2, D8, D6, D11 and D16 were within mostly
sandy loam soils. Although this assumption migttlhecompletely exact because soil texture
in the study area changes from one type into anethkin a short distance, such that no drain
area has just one type of soil texture, theredsrainant soil texture for most of the drains. D8
is a good example of a mostly clay loam soil textand D6 is a good example of a mostly

sandy loam soil.

It was observed that the meaaONconcentration from clay loam soils (5.47 pg M) was
significantly (p < 0.05) higher than that from sgridam soils (4.14 pg N (Figure 5.7).
This is because some drains, namely D8, D9 andvidthOclay loam soils had high mean®l
concentrations, whilst some drains with a sandynleail texture, specifically D2, had low
N20O concentrations (Table 5.1). However, drains wahdy loam soils did not always have
low N2O concentrations, as can be seen for D4 and D1thwhoth had high pO
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concentrations. Nevertheless, overall the dateepted here suggested that drains within clay

loam soils yielded higher 2D concentrations than sandy loam soils.

Very few of the studies reported in the literatwaich investigated field drain 2D
concentrations considered soil texture as a peatecointrolling factor. Thus, it is difficult to
directly compare the results here with these studiahangir et al. (2013) observed that mean
N20 concentrations in the groundwater at high peritigagsandy clay loam and sandy loam)
agricultural sites were significantly higher thawl permeability (silty clay loam and clay
loam) agricultural sites. However, numerous studredirect NO emissions have assessed the
effects of soil textureRochette et al. (2008a) stated that in fine textwseils, higher HNO
emissions are often observed as a result of redocggen levels within the soil matrix due to
poor drainage. In a study assessing the effecsoibtexture on MO emissions from soils,
Wiodarczyk et al. (2005) emphasised that soil tex&und particle size distribution significantly
affected the production of . They observed that the lowest rates gdroduction were in
light textured soils developed from sand, wherezevier textured soils developed from silt
showed the highest rates ot production and consumption. Even heavier textueit
developed from loams showed intermediat® Noroduction. Overall, they concluded that
heavier textured soils provided more favourabledamns for NO production than sandy
soils. Hénault et al. (2012) listed a number oftoahng factors of NO emissions from soils,
which included soil texture, and stated that eroissiare generally higher for fine-textured
soils compared with either coarse or medium- texdwgoils. The higher XD emissions from
fine textured soil maybe because of the increasepiEncy of anaerobic conditions associated
with higher water contents in heavier soils. Theref assuming that dissolved
concentrations are consistent with diregDNemissions from the soil, the findings of thisdstu
are in agreement with most other studies assedbi@geffects of soil texture on N

concentrations.
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Figure 5.7 Field drain D concentrations for drains underlying the two dwamt soil textures in the study area:
clay loam (n = 257) and sandy loam (n = 418). Saspbllected during April 2013-April 2015.

5.2.5.2 Drain flow rate

N20 is highly soluble in water and therefore fiel@ids with high flow rates are expected to
contain high dissolved 2 concentrations. Figure 5.8 shows there was aststatly
significant weak positive correlation £r0.17, p < 0.05) between these two variables. The
correlation did, however, vary greatly amongstdhans. D2 (= 0.77) and D1 (+ 0.75) had
very strong positive correlations betweesONconcentration and flow rate, whereas D19 {r
0.35), D8 (r= -0.05) and D4 (= -0.04) had weak negative correlations. This \mlitst is
partially due to soil texture because Drains irdydnam soils had a strong, positive correlation
between the two parameters, whilst drains in abeyrl soils had weak, negative correlations.
This is supported by the fact that the two draiiith whe strongest positive correlation (i.e. D1
and D2) were in sandy loam soils and the two draiitls the strongest negative correlation
(i.e. D8 and D10) were in clay loam soils. Howevhere were exceptions to this, with drain
D13 in a clay loam soil having a strong positiveretation (= 0.6) and D4 in a sandy loam
soil having a weak negative correlation=(~0.04). Nevertheless, the data presented here

demonstrate that field drair® concentrations generally increase with increaiow rate.
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Figure 5.8 Relationship between field drain dissdl$O and flow rate for 617 samples collected
during April 2013-April 2015. The dash line repretethe trend line.

5.2.5.3 pH

The pH values of the field drains ranged from 8.8.6, with a mean value of 7.7 and a 95%
confidence interval for the mean of 7.67-7.76 (IFégb.9). This illustrates that although the pH
range is wide, the majority of the samples are dyeff within a very narrow range. A
statistically significant negative correlation=(r0.19, p < 0.001) was established between pH
and dissolved pD. Hénault et al. (2012) identified pH as one &f kiey soil parameters which
significantly influences direct XD emissions and that lower emission levels weremniesl
when pH >7.3. Hénault et al. (2012) suggestedh@ emissions from acidic soils generally
exceed those from alkaline soils and this probadiiects the reported higher® emissions
from nitrification or higher NO:N; ratios at lower pH levels. Similarly, Martikainand Boer
(1993) established an inverse relationship betws@h N.O emissions and soil pH and
observed that at pH 4 the production rate gdNvas 4-8 times greater than at pH 6. Weslien
et al. (2009) also observed that soifNemissions were significantly and negatively {0.93,

p < 0.05) correlated with soil pH and suggestedltthia strong negative correlation represents
a well-known relationship from previous studies lohgawith soil condition factors on XD

emissions in which PO inhibited by acidic pH, thus enhancingONemissions.
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Figure 5.9 Relationship between field drain disedWO concentration and pH for 617 samples collected
during April 2013-April 2015. The dash line repretsethe trend line.

5.2.5.4 Other nitrogen species

Figure 5.10 shows the relationship between dissldNg® concentration and the other three N
species measured in field drains and stream wateples. NO concentrations were generally
three orders of magnitude smaller than dissolved, d@nilar to the findings of previous
studies (Ueda et al., 1993; Vilain et al., 2011tr@um and Hiscock, 2012). The concentrations
of N2O and N@ were positively correlated in both the field dsa{n=0.19, p < 0.05, n = 617)
and the stream samples (r = 0.55, p < 0.05, n ¥ 3Wié stronger correlation in stream samples
was possibly due to the greater variation in fididin NO concentrations and greater
variability in correlation strength amongst theidsa Drains D2 (r = 0.80), D6 (r = 0.67) and
D1 (r = 0.46) located within mainly sandy loam sdilad the strongest positive correlations,
whereas D8 (r = -0.36), D13 (r = -0.29) and D7 (0-15) located within mostly clay loam
soils had the strongest negative correlations. iBusvstudies have suggested that a positive
correlation between X0 and NQ@ indicates that nitrification is the principle premion
mechanism for BD (Ueda et al., 1993; Hiscock et al., 2003). Thibased on the fact that
during nitrification of NH* to NOs a small fraction (~0.1%) of the NHis transformed to pO
(Nevison et al., 1995). Thus, according to thig thain production mechanism fop®l in

stream water is most likely to be nitrification, @kas the dominant production mechanism in
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field drains might be a combination of both nitdtion and denitrification, with the latter

occurring mainly in clay loam soils.

In the field drain NO study by Hack and Kaupenjohann (2002), highecentrations of MO
also coincided with higher concentrations of ;NSimilarly, in a study of BD in groundwater
from the most important limestone aquifers in th€ Muhlherr and Hiscock (1998) observed
a strong positive correlation (r = 0.89 and r =40 f@r two of the aquifers and a strong negative
correlation (r = -0.45) for one aquifer. They sustgd that both nitrification and denitrification
are production mechanisms fos®l SurprisinglyReay et al (2004b) observed no relationship
between dissolved 70 and NQ@ concentration. Therefore, although the correlabetween
N20 and NQ@ observed in this study, especially in the fieldidrsamples, is not as high as
some previous studies, the results presented lesupport the common understating that
dissolved NO concentration increases with increasingsN&Yels. NO was negatively and
significantly correlated with NH in both field drain water (r = -0.04, p < 0.05:@72) and

in stream samples (r = -0.13, p < 0.05, n = 28a¢l, this might provide further evidence that
nitrification is the main mechanism for® production. MO concentrations were not
significantly correlated with N@concentration in either the field drain=(0.05, p > 0.05, n =
578) or stream water samples (.04, p > 0.05, n = 307).
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Figure 5.10 Relationship between dissolvefMoncentration and Nign=617, n=308), Nkt (n=420, n=278)
and NQ (n=572, n=308) concentrations in field drain armréatn water samples, respectively, collected during
April 2013-April 2015. Dashed lines represent ttead line.

5.2.6 Impact of a cover crop on nitrous oxide

During autumn and winter 2013-2014, dissolvefDNoncentrations in field drains below the
oilseed radish cover crop ranged from 0.6 — 8.8\ulg?, whereas concentrations in drains
underlying fields without a cover crop ranged fromé - 4.3 ug N ! (Table 5.3). Mean of
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N2O concentrations in drain water under cover cropl(qug N L) was not statistically
significant (p >0.05) lower than that under no aoxep (2.23 pg N £). In fact slightly higher
N2O concentration was recorded in field drains uradepver crop than without cover crop.
This might be due to the accumulation of both carwed nitrogen residues under the combined
cover crop and reduced tillage management and qaesdly higher substrate availability for

nitrification and denitrification compared to comii®nal management (Abdalla et al., 2012).

Table 5.3 Mean and range of®lconcentrations in field drains under the twoetiht cover crop treatments
during September 2013 to March 2014

Mean NO Range of NO

Treatments ID n (g N L'l) (ug N L'l)
D1 22 3.8 0.8-7.5
D2 24 1.1 0.6-1.8
D3 11 2.0 0.6-8.7
Cover crop D4 22 2.8 0.7-5.9
D6 17 2.7 1.3-5.7
D11 4 7.8 7.3-8.8
D16 15 2.0 1.5-2.9
Mean 2.61
No cover D8 15 1.7 0.6-4.3
crop D10 15 28 2.1-3.6
Mean 223

The primary goal of using a cover crop as a mitigameasure in agriculture is to improve soill
fertility and decrease nitrate leaching rather tttareduce greenhouse gas emissions; however
the latter should be not neglected when assessenguerall effectiveness of such measures.
The effects of cover crops on direct nitrous oxétkeissions from soil have been fairly well
documented (Jarecki et al., 2009; Kallenbach e2800; Dietzel et al., 2011; Abdalla et al.,
2012; Sanz-Cobena et al., 2014), but to our knogddtie effects of cover crops on indirect
nitrous oxide emissions from groundwater and rivexseiving N-rich drainage water from

agricultural soils has not been studied to date.
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The findings from studies investigating the effeatsover crops on soil XD emissions are
not consistent. To evaluate the change g Kmissions following soil application of swine
manure, Parkin et al. (2006) found that a rye cavep significantly lowered cumulative-®
emissions from fields applied with a large amouhtmanure compared to fields without a
cover crop. However, when smaller amounts of mameee applied the decrease inON
emissions under the rye cover crop was not sigmificin a growth chamber laboratory
experiment, Jarecki et al. (2009) observed a saamt reduction in DD emissions from soil
amended with swine manure slurry in the preseneergé cover crop. However, Jarecki et al.
(2009) found that BD emissions were not influenced by the presenem afat/rye cover crop
in the field experiment. Abdalla et al. (2012) eviemnd that daily MO emissions were
significantly higher under reduced tillage and aowop treatments compared with
conventional farming. In a short study (19/06/2@421/07/2014) on the same study area as
this study, Garrard (2014) found that direegONemissions from clay loam soil texture were
consistently and significantly higher from Middlempsky (MH) field which was under cover
crop and direct drill treatment than Potash (Pidfighich had no cover crop and ploughed

conventionally (Figure 5.11).
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Figure 5.11 Temporal evolution of direct®Iflux rate from Potash (P) field and Middle Hemp$kiH) over
sampling period (19/06/2014 to 21/07/2014) (Garraad4).

The substantial reduction in field drain Bl@oncentrations under a cover crop is shown in
Figure 5.12. The overall mean N€oncentration was significantly (p < 0.001) lowedrains
under cover crops (2.5 mg N than drains underneath bare fields (13.9 mg¥l This
represent a ~82% reduction in Bl@oncentrations due to the presence of cover ofegps
Section 4.2.2.1). However, drains under cover compgained higher O concentrations than

drains under no cover crops. Thus, our study suggést the use of cover crops as an
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alternative farm management system to redug@ &missions from agriculture would not be

advisable without further research.
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Figure 5.12 Relationship between dissolved nitaxide and nitrate concentrations in field drain pkes
collected during cover crop growth (September 2@18larch 2014) from fields with (n = 114) and with@
cover crop (n = 29).

5.2.7 Impact of reduced tillage on nitrous oxide

During the 2014-2015 farming year, different tikagptions only (i.e. no cover crop) were
continued as a mitigation measurezONconcentrations from field drains under different
cultivation practices are presented in Table 5 Thean MO concentration in field drains
under conventional tillage (7469 N L) was not significantly (p > 0.05) different frorait
under direct drill (6.2:.g N L'Y). However, the meanZ® concentration under reduced tillage
(4.4 pg N LY was significantly (p < 0.05) lower than that unt®th conventional and no
tillage. Despite this finding, the lower8 concentrations in field drains under reducedd#
may not truly represent differences in tillage picc That is because of the three field drains
under reduced tillage, only D16 actually had sigaifitly lower NO concentrations, whereas
D1 and D3 showed no substantial decline p@Nompared to the other drains (Figure 5.3).
Moreover, if NO concentration is truly lower in drains under reelitillage than conventional
tillage, then NO concentration should be even lower in drains uddect drill because here
the soil was not disturbed at all. However, thisas case and drains under direct drill had high
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N20 concentrations that were closer to conventiofmlghing than reduced tillage. Thus, the
results presented here suggest that differentrs@tsion methods tended to have little impact
on dissolved MO concentrations. To our knowledge, there has begorevious study on the
effects of different tillage methods on indireciONemission from nitrogen leaching. Thus, it
is impossible to compare the results from this ywtiodothers. However, several studies were
carried out to investigate the effects of soil ngaraent on direct §O emissions from soil and
these have shown inconsistent results, perhapwd@giability in weather and soil conditions,
such as soil water content, rates and types ofigert application, and depths of fertiliser
placement (Baggs et al., 2003; Grant et al., 20@#terea et al., 2005). Some researchers have
reported greater &0 emissions with conservation tillage compared doventional tillage
(MacKenzie et al., 1997; Ball et al., 1999; Bagtysle 2003; Li et al., 2005), whilst others
have found lower emissions with conservation télaglative to conventional tillage (Civerolo
and Dickerson, 1998; Grant et al., 2004; Omonodal.et2011). Furthermore, others have
observed no significant difference in,®M emissions between these two tillage methods
(Venterea et al., 2005; Grandy et al., 2006; Lesd.eRP006; Abdalla et al., 2010; Maraseni and
Cockfield, 2011).

Table 5.4 Field drain }D concentrations under different tillage practidasng October 2014 to April 2015.
Numbers followed by different superscripted lett@rs significantly different (p > 0.05)

. Mean NO
Tillage type n -
9P (hg N LY
Conventional tillage 35 726
Reduced tillage 62 44
Direct drill 77 6.2
5.3 Summary

All samples collected in this study, regardlesdocftion and time of sampling, contained
higher NO concentration than the water-air equilibrium stidemonstrating that all sites were
acting as a potential source oflemissions to the atmosphere. This finding isgreament
with the majority of previous research which foudgD supersaturation in water samples. It
was observed that stream samples consistently inedtéower NO concentrations than the
field drains due to rapid degassing efONfrom drain water once it comes into contact \ilit
atmosphere. A number of factors were determindthte an impact on 0 concentrations.

Rainfall was sometimes found to be solely respdeditr a change in ¥0 concentration
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through time, although on a number of occasionsefifects of heavy rainfall events were
unnoticeable. Thus, whilst it is correct to stdtattmost increases in.8 concentration were
generated by storm events, not all storm eventeased MO concentration. Seasonally,®
concentrations in both field drains and stream $asnghanged significantly, with lower values
during the summer and higher values during sprimgy @utumn. The lowest concentrations
during summer were probably due to a decline imnditaw rates and a decline in potentially

leachable nitrate from fields due to crop uptake.

In addition to rainfall and season, soil textursoalnfluenced HO concentration. Water
samples from field drains in clay loam soils tenttedontain higher pD concentrations than
drains in sandy loam soils. However, there was idenable uncertainty associated with this
result because some drains were located withinngeraf soil types. A strong, positive
correlation was observed betweesONoncentration and field drain flow rate. This ¢ragises
the importance of rainfall as it generally increafiew rate which in turn increases dissolved

N2>O concentrations.

N2O concentrations were generally three orders ofmbtade smaller than dissolved NO
concentrations. The mean® flux (30 g N ha a?) was also three orders of magnitude lower
than the mean loss of N in the form of N85 kg N ha a?), although was the same order of
magnitude as losses of NH65 g N ha al) and NG (25 g N ha a'). This emphasises that
NOs is the dominant form of N loss from field draingd the surrounding environment.
Additionally, this study highlights that N losstine form of NO is not insignificant and can

be as high as N¥iand NQ losses or even higher.

One of the objectives of this study was to asdeseftfect of on-farm mitigation measures on
dissolved NO concentration. The results indicated that difieneversion soil practices tended
to have little effect on PO concentrations and fluxes. It was hypothesisatl ahcover crop
would substantially reduce dissolvedONconcentrations because if similarly reducedsNO
concentration. However, higher.® concentrations were recorded in field drains urate
oilseed radish cover crop than drains beneathsfielthout a cover crop. Hence, the results
presented here suggest that the use of a covemsrap alternative farm management practice

to reduce MO emissions would not be successful.
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Chapter 6: CALCULATION OF INDIRECT NITROUS OXIDE
EMISSION FACTORS

6.1 Introduction

Indirect NO emission factors (Efare a way for statingJ® emissions from a water body as
a fraction of the original N flux into the systelV¢ll et al., 2005b). Guidelines on calculating
national inventories of D emissions associated with agriculture are pravidg the
Intergovernmental Panel on Climate Change (IPCGg [PCC (2006) defined nitrous oxide
emission factors for N leaching and runoff from mged soils in regions where leaching and

runoff occur as follows:
E= N2Ow)-N / (Total N inpuix FracLeach) (6.1)

where, EF is the emission factor for& emissions from N leaching and runoff (kgON-N
(kg NY1) with a default of 0.0075 (range = 0.0005-0.02801)—-N is the annual amount of
N20-N produced by the leaching and runoff of N addgito managed soils (kgp®-N a);
Total N input is the total annual amount of N adttethe system, including synthetic fertilisers
and animal manure, that is lost through leachirgyranoff (kg N &); Frageacwis the fraction
of all N added to, or mineralised within, manageilissthat is lost through leaching and runoff
(kg N (kg of N additions)) with a default of 30% (range = 10-80%).

Researchers calculate indirectONemissions by using the default values of EF aad EacH

in equation 6.1. However, other studies such asstiidy which have already measured indirect
N2O emissions through dissolved@ concentration use this equation to calculate ERe
IPCC (2006) revised down the default emission fafdo indirect NO emissions associated
with N leaching and runoff (B from 0.025 kg NO-N (kg N)* in 1997 to 0.0075 kg D-N
(kg NY! in 2006. The Efwas further divided into three components accardinthe site of
N20 production: EFy for groundwater and surface drainage (0.00253; 6F rivers (0.0025)
and Ebke for estuaries (0.0025). Thus, 0.0025 for eachhefgartial EFs and 0.0075 for the
overall EFs. However, EE has a wide range of uncertainty (0.0005-0.02%)rasult of natural
variability and a lack of data to support desigmatiThe methodology defined by the IPCC to
determine EFis calculated by taking the total annual flux ofONfrom a water body and
dividing it by the total annual amount of N leachtedthe water body. This is then used to
calculate national pO inventories. However, as most studies are o&ekiihg in such detailed

mass balance information, EFalues are commonly calculated by using ®NNOz mass
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ratio derived using concentration data collecteanfthe water body. Therefore, most studies
(Hack and Kaupenjohann, 2002; Hiscock et al., 2003y et al., 2004a; Holl et al., 2005;
Sawamoto et al., 2005; Weymann et al., 2008; Reay,,2009; Outram and Hiscock, 2012;
Hinshaw and Dahlgren, 2013; Minamikawa et al., 3@Bemission factors from leaching and
runoff calculate E&by the following method:

£EN20-N / NQ-N (6.2)

Where,N20O-N and NGOz -N are the concentrations o® and N@ measured in agricultural
drainage water or groundwater. Considering the IR&€ult Eg of 0.0025, for every
kilogram of NG -N in groundwater or drainage water, 2.5 g of N be released asi9.

Reay et al. (2005) indicated that there are sewweas of concern with how EIS currently
determined. Firstly, Hgis supposed to account for alt® emitted after N leaching and run-
off from fields, but prior to instream processinfytbis N. Therefore, BD emissions from
riparian areas are indirectly included insgFSuch emissions are not accounted for by using
the current methodology for the calculation o agricultural areas with tile drainage that
provides a direct transfer pathway for leachate drainage ditches without interaction with
the riparian zone, such riparian losses are liteelye insignificant. However, in areas where N
in leachate and runoff passes through a ripariattane or buffer strip, N processing and

subsequent PO emissions may be important.

In addition to concerns over the potential undeimestion of riparian MO emissions, there are
also issues with simply using the ratio of dissdiWO-N to NG-N in drainage waters to
calculate EBy. This calculation assumes no processing of thehkéN occurs, either through
reduction of N@ or production of MO, between its leaching from the soil and its sghsat
sampling point. In reality, it is likely that a ssthntial amount of N processing occurs, with the
nitrate load likely being reduced relative to thaitially leached and the XD load either
increasing or decreasing. However, Nevison (20@0e®ed that despite some limitations on
the significance of the groundwates@ NOs ratio, at present, this ratio appears to be tisé be

measurement available for linking® to total leached N in groundwater.

6.2 Results and discussion

6.2.1 EFs for field drains and stream water
The relationships betweernn@® and NQ@ in field drain and stream water samples are pteden

in Figure 6.1. The Ef emission factor (ratio of #D-N to NG&-N) in drain samples largely
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varied between 0.00003 and 0.0106, with a mearew#l0.0012. The Eremission factor for
stream samples was between 0.00006 and 0.0028awwtan value of 0.0003. Thus, theEF
values for field drains calculated in this study@predominantly lower than the current IPCC
EFsg emission factor of 0.0025 for.® emissions from N leaching to groundwater and
agricultural drainage water (IPCC, 2006). Thesg€mission factors for 90% of samples
collected in this study were lower than the curt®@C Ekg emission factor of 0.0025, whilst
~15% of collected samples were one order magnitoer than this value. Similarly, the
emission factors for stream sampless/&Fere also always lower than the IPCGsEmission
factor of 0.0025, with a mean value of 0.0003 beingrder of magnitude lower than the IPCC
value. This indicates that the IPCC revised defaallie of 0.0025 may still be overestimating

indirect O emissions in systems similar to that studied.here
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Figure 6.1 Relationship between®N and NG-N in field drain (n = 617) and stream water (n = 388nples
collected during April 2013-April 2015. The dasHex represents the ratio ob®/ NO; (ERsq and EF;) of the
IPCC default value (0.0025). 90% of drain samples @l stream water samples had lowe®NNO;s ratios
than the IPCC default value.

In addition to this study, a number other studessalso observed lowep®-N/ NOs-N ratios
(EFsg) for groundwater and river water than the IPCCad#fvalue (0.0025) (Table 6.1).
Hiscock et al. (2003) calculated a value of 0.064Schalk groundwater in eastern England,

whilst Hack and Kaupenjohann (2002) calculated laevaf 0.0008 for field drain water on
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arable land in the upper Neckar region, Southenm@ey. Studying different water bodies in
eastern England, Outram and Hiscock (2012) caledlaalues of 0.0061 and 0.00011 for
drainage channels and the River Thurne, respegtigwever, few studies have calculated
EFsg higher than the current IPCC default value. Reagl.e(2009) derived a value of 0.003
(range 0.00008-0.036) for water samples collectenh ffield drain outfalls in an intensively

managed grazed pasture in the Ythan catchmentdabashire. Hinshaw and Dahlgren (2013)
calculated a value of 0.0028 (0.0012-0.0069) fos; iEFa study of the eutrophic San Joaquin
River, California.
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Table 6.1 Comparison of®-N/ NOs-N ratios reported in the literature and derived fitbia study

Reference Water body Land use 2CONN/NOs-N

Hack and Kaupenjohann (2002) Field drain (Germany) Grassland and arable 0.0008 (0.00003-0.005)
Ueda et al. (1993) Well and springs (US and Japan)Forest and arable ~0.0001-0.01

Reay et al. (2004b) Field drain (UK) Arable ~ 0.6am001
Sawamoto et al. (2003) Subsurface drainage (Japan)  Arable 0.00076-0.0105
Dowdell et al. (1979) Agricultural drains (UK) Arigb ~0.001-0.01

Ronen et al. (1988b) Groundwater and sewage ()sraelArable ~0.0015-0.0067
Weller et al. (1994) Groundwater (US) Forest ~0801045

Hiscock et al. (2003) Groundwater (UK) Arable 0.901

Deurer et al. (2008) Sandy aquifer (Germany) Aralolé Forest 0.002-0.042

Kim et al. (2009) Sandy aquifer, riparian buffelU Grassland 0.0022-0.0054

Vilain et al. (2011) Groundwater (France) Arable 026

Hinshaw and Dahlgren (2013) River (US) Arable 0®(020012-0.0069)
Reay et al. (2009) Field drain (UK) Arable 0.00300008-0.036)
Muhlherr and Hiscock (1997) Groundwater (UK) Arable 0.005 (0.0005-0.0025)
Well et al. (2005a) Shallow groundwater (Germany) ralde 0.005-0.73

Outram and Hiscock (2012) Drainage channel (UK) bfea 0.0061

Holl et al. (2005) Soil solution (Germany) Forest .0@r3

Minamikawa et al. (2010) Subsurface drainage (Japan Arable 0.00820.0296

Jahangir et al. (2013)

This study
This study

Groundwater (Ireland) Geagthnd arable

Field drains (UK) Arable
Stream (UK) Arable

0.0156 (0.0089-0.0223)

0.0012 (0.004mB106)
0.0003 (0.00006-08)02
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Furthermore, according to the IPCC (2006), streaatewand groundwater have the same
emission factor of 0.0025. However, it is cleamifrthe data presented here that stream water
had significantly lower EF values (mean = 0.000@tfield drain samples (mean = 0.0012).
These low stream water values are due to the logarst water MO content, which is a
consequence of the rapid degassing 9 fkom field drains upon contact with the atmospgher
prior to reaching the stream. This degassing oésgiurated pD in subsurface drainage and
groundwater has also been reported in previousestiBowden and Bormann, 1986; Reay et
al., 2003; Minamikawa et al., 2011; Li et al., 2D13

In this study, it was also possible to estimate HEisg the first method presented in the
introduction (Equation 6.1). As mentioned earlierlike the NO-N/NOs3-N ratio method, this
method requires detailed information (Table 6.2)e Total field drain area was estimated at
~21.14 ha (see Section 4.2.2.2), whilst the ardhefttream is calculated as the surface area
of the stream in mini-catchment A and estimatele®.33 ha. These areas were multiplied by
the NO emissions to calculate the total indireeONemissions annually. Total N input was
calculated for the 2012-2013 and 2013-2014 farnyeeys for mini-catchment A (Figure 6.2)
using available farm business data. During 201232@ie majority of fields were growing
spring barley malt and winter wheat feed, receiViegjliser at a rate of 150-250 kg N ha
Three fields contained winter oilseed rape andivede325 kg N ha of fertiliser. During 2013-
2014, some fields contained spring beans, receivbiykg N h&, some had sugar beet and
received ~150 kg N hia and the rest had winter wheat feed. In 2013-26ate fields with
spring beans received 0 kg N"hahe total N fertiliser applied across mini-cat@mhA was
67,985 kg N & in 2012-2013 and 61,106 kg N 2013-2014, thus giving an annual mean
fertiliser application of 64,545 kg N. It should beted here that these nitrogen inputs into the
soils are applied nitrogen fertilisers by the farsnenly. This amount does not include the
amount of nitrogen fixed by any legume cops plankexd the field drain area, the total applied
N fertiliser was 2,659 kg N'afor 2012-2013 and 3,080 kg N éor 2013-2014, giving a mean
total applied N fertiliser of 2,870 kg N'gTable 6.2).
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Figure 6.2 Field application of N fertiliser in nitatchment A for the 2012-2013 (top) and 2013-2(4ettom)
farming years.

Fraaeach, which is the fraction (given here as a %) ofaglplied-N lost through leaching and
runoff was calculated from the leached dissolvedganic and organic N divided by the total
N input. N-leaching for the stream was calculatedifthe flow rate at site kiosk A (see Figure
6.2 for location), multiplied by the inorganic aadyanic N concentrations of stream samples
collected at site A. Leaching rates for individ@iald drains were calculated from the drain
flow rates multiplied by the inorganic and orgaNiconcentrations obtained for each specific
drain. For the stream, 15,885 kg N were lost through leaching from a total appliedN
64,545 kg N & in mini-catchment A, giving a Fragcn of 25%. For the field drains, Friagch
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was calculated separately for each drain from thealhed divided by the total N applied over

a certain field drain area, giving a mean estim&iea eacH value for all drains of 34%.

The mean Fraeacn value of 34% for the field drains is just above tlefault value given by
the IPCC (30%). However, a wide uncertainty ranb@&0%) is given in the IPCC (2006)
report and a similarly wide range of values (4-83%@s measured in the field drain samples
measured in this study. The mean k#aeH value for the stream (25%) was lower than the
field drains, perhaps due to a dilution by grounghwahat enters the stream. Nevison (2000)
criticised the default value of 30% as it was basethe general knowledge of an expert group
that developed the 1996 revised IPCC methodologg. default uncertainty range (10-80%)
was justified on the basis of the global scale Mimdestudy on N loadings in rivers by
Seitzinger and Kroeze (1998). Critically examinitige Fraceact default value, Nevison
(2000) reviewed six specific case studies in thdwdistern United States, generally in maize
and/or soybean fields underlain by tile drainagéstrowing evidence of N leaching into rivers.
The inputs and outputs of agricultural N were meadin all the cases at the watershed level
over a number of years and mass balances for N eadcalated. Nevison (2000) found that
FrageacH values were typically ~20%. In one case, the imacof N inputs leached ranged
from 3-70%, depending on inter-annual variabilityrainfall. One of the reasons that this
comparatively low FragacH value was obtained in all six of these case ssudas that organic

N was not considered as a component, althoughytaeuoastitute a significant fraction of the
total leached N (Seitzinger and Kroeze, 1998). Heoty, since Fraeacn includes both
inorganic and organic N, so studies that only adersinorganic N may underestimate the true
amount of N leaching. The calculated keaen values of 34% and 25% for field drains and
stream water in this study, respectively, are notdissimilar from the modelling results for
the UK as a whole, in which Fra@cH values of 16-24% were estimated for the Norfolkaare
(Cardenas et al., 2013).
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Table 6.2 Emission factorsdgfand EFs calculated for field drains and stream water usimg different
methods and the relevant 2006 IPCC emission fa¢idi®y

Drain Stream
Area (ha) 21.14 0.33
Indirect NbO emissions (kg bO-N ha'a?) 0.03 5.11
Total indirect NO emissions (kg pO-Na?) 0.63 1.67
Total N input (kg N &) 2,870 64,545
FrageacH (%) 34 25
EFsg, EFs (IPCC (2006) methodology) 0.0006 0.0001
EFsg EFsr (N2O-N/NO3-N method) 0.0012 0.0003
EFsg EFsr (IPCC default) 0.0025 0.0025

The results Efy value calculated using the IPCC methodology waslai to that calculated
using the NO-N/NOsz-N ratio (see Table 6.2). The &fvalue was lower using the IPCC (2006)
methodology than the #0-N/NOs-N ratio method for both field drain and stream evat
samples. This lower calculated dggivalue using the IPCC methodology was expecteddbase
on previous research by Well and Butterbach-Babl (2. Because significant denitrification
is a frequent phenomenon in near-surface groundwatan be expected that in many cases
some of the leached N@nd NO are denitrified before groundwater is dischargedthis
pathway. Whilst of the same order of magnitude,BERg calculated for the stream using the
IPCC methodology (0.0001) was three times as lousasy the NO-N/NOs-N ratio (0.0003).
The Eksg calculated for field drains using the IPCC metHodg was half of the value of B§
calculated using the #0-N/NOsz-N ratio, with values of 0.0006 and 0.0012, resipety.
Hence, if the EFwas to be revised by the IPCC, regardless otwod, crop type and land use
practices, then a value of 0.0009 (about thirdhaf ¢urrent value) for Bf and a value of
0.0002 (one order lower than the current valueElgr may be more reasonable estimates for
the types of system studied here.

Calculation of EEy values using the two different approaches doesi@o¢ssarily ensure the
same result. Most studies calculatesgsing the NO-N/NOs-N ratio as they often lack

detailed mass balance information and few studdsutate Eky using the IPCC approach if
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they have the detailed mass balance informatioa ftatchment. However, there are very few
studies that have calculated ggflising both approaches. One such study is by Oudragin
Hiscock (2012), who calculated Efvalues for different water bodies using both apphes.
They found that Edg values calculated using the IPCC (2006) approaete wery different
from those calculated using the@®N/NOs-N ratio. The EBy calculated for the drainage
channels using the IPCC approach was an order ghitoae higher than that obtained when
using the NO-N/NOsz-N ratio, with values of 0.053 and 0.0061, respetyi. This difference
increased to two orders of magnitude difference wéeamining shallow lake water, with
values of 0.018 and 0.0008 for the IPCC approachNa®-N/NOs-N ratio, respectively. The
EFs: calculated for the River Thurne using the IPCCrapph was nine times as high as that
calculated using theJ®-N/NOs-N ratio, with values of 0.009 and 0.00011, respebtivEhus,
although in this study the calculatedsg¥alues using both approaches were not very diftere
large differences have been calculated in prevgiudies. Therefore, to achieve an accurate
result and avoid miscalculation from using diffdrepproaches, the IPCC might need to

propose one comprehensive and simple approach.

It is also observed in this study that regardldghi® method used for calculation of 5Bnd
EFs,, the default value set by IPCC (2006) of 0.0028hhoverestimate indirect2) emission
(Table 6.2). The default value is one order of ni@agie higher than the BFor stream water
calculated by either method, with a value of 0.008ihg the IPCC approach and 0.0003 using
N20-N/NGs-N ratio. For the field drains, the defaultgFalue is four times higher than that
calculated using the IPCC approach (0.0006) ancertiaan double that calculated using the
N20-N/NOs-N ratio (0.0012). Furthermore, the £¥alues calculated using both the IPCC
methodology and thed®-N/NOs-N ratio revealed that EFs are not uniform foreliéint water
bodies. This study has shown that within a singlielament different water bodies can yield
different amounts of pO with unique EF values required for each type.ré&toge, different
water bodies need to be separated when emissitmmdace calculated, unlike the current IPCC

approach which uses one EF value for all waterdsodi

6.2.2 Spatial variability in EFs values

It was shown in Section 6.2.1 that a wide rangd9-N/NOs-N ratios existed for field drain
(0.00003 to 0.0106) and stream water (0.00006 @02R) samples. Other studies have also
reported a wide range of values for this ratiohsas Reay et al. (2009) (0.00008-0.036) and
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Hack and Kaupenjohann (2002) (0.00003-0.005) (Tél!e In this study, because the samples
were collected from different drains, it was poksiio investigate if this ratio varied spatially
(Figure 6.3). None of the field drains nor the atnesampling sites had mediapONN/NOz-N
ratios higher than the IPCC default value (0.002%wever, some sites yielded several
samples with higher XD-N/NOs-N ratios than the IPCC default value, whilst soatker
locations never had any samples higher than thés.1®©nly 10% of the total collected samples
had higher MO-N/NOs-N ratios than the IPCC default value. This vaoatin NbO-N/NOz-N
ratio was generally due to2@ concentrations measured in those sites. Sitdshigth NO
concentrations, such as D4 and D11 (Figure 5.2)egdly had high BO-N/NOs-N ratios,
whilst sites with low NO concentrations, such as D5, largely had Io@M/NOz-N ratios.
However, this was not always a case as some siteh,as D2, had low# concentrations
but did not have a low XD-N/NOz-N ratio. The factors which influence-8 concentrations
that were described in Chapter 5, such as raindall, texture, drain flow rate and land

management practices, are also influencing #@-N/NOz-N ratio.
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Figure 6.3 Boxplot of the XD-N/NOs-N ratio in field drains (D1-D16) and in stream @, E and M) for

samples collected during April 2013-April 2015. Thwrizontal dashed line represents the ratio /NNOs
(EFs) at the IPCC default value of 0.0025.

6.2.3 Temporal variability in EFsvalues
As illustrated in Figure 6.1, the2-N/NOs-N ratios varied substantially across field draia a
stream water samples. It was possible in this stadgonitor this variability temporally over
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the two-year sampling period. Changes in th®MI/NOs-N ratios over time are presented in
Figure 6.4. As illustrated in Figures 6.1 and @bt NO-N/NOs-N ratios of stream water
samples were always lower than that of the fielrdr throughout the entire study period by
about one order of magnitude. For both field draingd stream samples, it is observed that the
ratio started increasing during the summer (Julg) r@turned to relatively stable levels in mid-
October. This pattern was repeated in both samphags. This might be due to the substantial
decline in N@ concentrations during the summer as the res@tdscline in water flow and a
decline in potentially leachable nitrate due torieutt uptake by crops during this period.

It is also observed in Figure 6.4 that th€ONN/NOs-N ratios for stream samples were always
lower than the IPCC default value (0.0025) throughbe study period. The increases which
occurred during summer in both years never reatie.0025 level. Additionally, the -
N/NOz-N ratio in field drain samples was always lowartlthe IPCC default value of 0.0025,
except during the summer when the ratios exceed®®8. This summer period of high ratios
represents ~10% of collected samples shown in €i§ut. To our knowledge, there have been
no previous studies on the temporal variabilityEs values, so a comparison with the
literature cannot be made. Therefore, it is cleamfthe data presented here that EF values
varied over time and that it might be inappropri@éave one EF value throughout a year as
it suggested by the IPCC (2006).
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Figure 6.4 Temporal change of mean @ONN/NOs-N in field drain and stream water samples collectering
April 2013-April 2015. The dashed line represehts tatio of NO-N/NOs-N (EFs) for the IPCC default value
of 0.0025.
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6.2.4 Implications of the measured EF values

From the results of this study, it appears thatititrect emissions component of the UK
agricultural NO budget may be overestimated using the curreauttefmission factor (Eb).
Revision of this emission factor in line with thedings presented here would result in a large
reduction in the estimatecdb® emissions in both the UK and globally (Table 6R)r the UK,

the indirect NO emissions arising from N leaching and runoff fragroecosystems total
around 14.3 Gg N34 based on the 1997 guideline default value foy &M.025 (Reay et al.,
2005). Using the revised IPCC (2006)sB#&lues of 0.0075, these indirect emissions were
reduced significantly to 6.71 Gg®-N a’ (Syakila and Kroeze, 2011). If the calculated ealu
for EFs0f 0.0036 (sum of all B, EFsr and Eke) (See Table 6.3) in this study is applied, these

emissions would be further reduced to 3.22 G@N a.

Similarly, the estimates of indirecb®@ emissions from leaching and runoff globally wobél
reduced. Firstly, these emissions were estimatée th.90 Tg MO-N a' based on the default
value for ElE of 0.025 reported by the IPCC in 1997. Howeverhwitrevised default value of
0.0075, these estimates were substantially rediac@d0 Tg NO-N &' in 2006 (Syakila and
Kroeze, 2011), and should the suggested emissatarfcom this study (0.0036) be applied
to global indirect NO emissions, the estimates would be further redtew@dd28 Tg NO-N a

1 The above emphasises that the revision of enmigaaors in 2006 by the IPCC considerably
lowered global estimates of indirect®l emissions from leaching and runoff compared #o th
previous estimates in 1997. However, it appears ttie current IPCC inventory may still
overestimate the actual emissions eONIf the emission factors calculated in this studyre

to be applied, further significant reductions idlinect NO emissions similar to the level of
reductions achieved in the 2006 revision, will bserved again. Several studies investigating
emission factors and indirectb® emissions from leaching and runoff have beenezhout
since 2006, and so updating the IPCC guidelinesradicect NO estimates by incorporating
these new findings from recent investigationsrisrggly recommended.
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Table 6.3 Summary of current and previous IPCCude&anission factors for indirect N leaching from
agriculture, calculated emission factors from #tigdy and implications for indirect,® emission estimates
from the UK and globally

IPCC 1997 IPCC 2006 This study
EFsg 0.015 0.0025 0.0009
EFs 0.0075 0.0025 0.0002
EFse 0.0025 0.0025 0.0025
EFs 0.025 0.0075 0.0036
Indirect UK NeO emissions
(Gg N ab) from N leaching and runoff 14.30 6.7T 3.22

Indirect global NO emissions

(Tg N ab) from N leaching and runoff 1.90 0.60 0.28
©Assumed unchanged, because this value remainesuthe from IPCC (1997) to IPCC (2006).
"EFs is the sum of all three EFs (i.e. gFEFs+EFse).
*From Reay et al. (2005)
“Total UK N;O emissions are 59 Gg N for 2013 according to the National Atmospheric &ivns Inventory
(2015), and from this amount, indirect emissionsoant for 24%, with 46% of associated with N leaghand
runoff (Syakila and Kroeze, 2011).
PFrom Syakila and Kroeze (2011)

6.3 Summary

In this chapter, indirect nitrous oxide emissiottdas associated with agricultural nitrogen loss
through leaching and runoff (EFhave been calculated using two approaches: th€ IP
approach and thea®-N/NOs-N ratio method. Although the calculatedsBfalues were lower
using the IPCC approach than theONN/NOs-N ratio in both field drain and stream water
samples, the differences were significant. Ther EBlculated for stream samples using the
IPCC approach (0.0001) was three times lower tharvalue obtained using the@®:N/NOs-

N ratio (0.0003). The By calculated for field drains using the IPCC apphoé®.0006) was
half that calculated using thee®-N/NOs-N ratio (0.0012).

The EF values calculated using either method for bothd fdrain and stream water samples
were lower than the IPCC default value of 0.002% Talculated Erfor stream samples was
at least one order of magnitude lower than the IIi€fault value and Efvalue was at least
a third lower for the field drains. This indicatist the IPCC (2006) default value may still
overestimate indirect XD emissions. Temporal variations in theONN/NOsz-N ratio showed
that this ratio is not constant. Increases in th®-N/NOs-N ratio were recorded during the
summer in both field drain and stream samples bwér monitoring years and corresponded

to substantial declines in N@oncentrations. Summer was the only period whah kbO-
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N/NOs-N ratio reached the IPCC default value for dramples, whilst these increases never
reached the default value for stream samples. tioiscluded here that unlike the IPCC
approach, which uses one EF value for both groutetwend stream water, different water
bodies have different EF values. Thus, if the ®Ere to be revised by the IPCC, regardless of
soil type, crop type and land use practices, theal@e of 0.0009 (about a third of the current
value) for EEgand a value of 0.0002 (one order of magnitude tdhemn the current value) for
EFsr may be more reasonable estimates. Such a radiealvadard revision would more than
halve the current estimates of indireeNemissions associated with leaching and runoffifro

agriculture for the UK and globally.
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Chapter 7: CONCLUSIONS AND FURTHER WORK

7.1 Conclusions

The overall aim of this study was to assess trectifeness of cover cropping and conservation
tillage as in-field mitigation measures to improwater and soil quality and nitrous oxide
greenhouse gas emissions. It was hypothesisedntpé&gmenting these mitigation measures
would improve soil and water quality and reducerict emissions of nitrous oxide. However,
a wide range of outcomes were obtained from thestigations carried out here, some of which

were positive, some negative and others which loedisternible effect.

Apart from significant reduction in soil nitratdyet mitigation measures did not substantially
improve any soil quality parameters. Cover cropleted soil nitrate at three soil depths of 15
cm, 45 cm and 75 cm by 7%, 42% and 79%, respeygtivéiis might be due to the distinctive
properties of the oilseed radish cover crop in enging nitrate from deep within the soill
profile. The soils were mostly below the accept#gdsdil organic carbon threshold, so it would
have been a great success if the implemented nesasould help elevate this problem.
However, it appeared that the measures had lifééeteon soil organic carbon levels, although
increases might be observed if the mitigation measials were run for several more years.
Regarding other soil macro and micro nutrients,hsas soil phosphorus, potassium,
magnesium and sulphate, the overall quality ofiadihe study area was not in good condition.
Soil phosphorus concentrations were excessively gl other nutrients were generally below
optimum range. Therefore, reducing soil phosphteusls and raising the concentrations of
other soil nutrients were desired through the rattmh measures. However, instead of reducing
phosphorus, the measures acted to retain highpsasphorus levels. Whilst this is an
advantage for soil where phosphorus is a limitintgiant, in this study area where phosphorus
represents an environmental risk, high levels ppgtential eutrophication issue should
soluble phosphorus enter the stream via surfacgftuBoil potassium levels were consistently
increased by the measures, but the soil magnesighrsaphate levels were not improved.
Improvements in soil physical conditions, suchraseased temperature, moisture content and
infiltration rate, along with decreased bulk depsinhd penetration resistance, were sought
through the measures. However, soil temperaturesaitdnoisture did not change and bulk

density and penetration resistance increased arseqaently reduced the infiltration capacity.
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Therefore, the mitigation measures did not imprtwve overall soil quality, and in some

respects they actually caused a deteriorationiirggality.

Unlike soil quality, water quality was significapiimproved by the mitigation measures. With
the presence of a cover crop, the concentratialisgblved nitrate in soil water, the main form
of N, was significantly depleted from 13.9 mg N under bare soils to 2.5 mg Ntlunder the
cover crop, which represents an 82% reduction.\ii&e, the nitrate leaching rate from fields
were substantially reduced from 113 kg Ntha in bare fields to 17 kg N Nax* in cover crop
fields, equivalent to 85% reduction in N fluxes. ush the cover crop reduced both N
concentrations and N fluxes by at least 80%. Nongha in either ammonium or nitrite
concentrations and fluxes in field drainage betwiencover crop and no cover crop fields
were observed. However, these two forms of N cbuated an insignificant proportion to total
N leaching and so does not lessen the great eféewss of cover crops as a mitigation
measures for reducing N leaching. On the other haiffdrent soil inversion intensities tended
to have no effect on either concentrations or fusieany form of N. Overall, it was concluded
that for an agricultural area where high nitratesks from fields into groundwater or surface
water is occurring, such as in the intensive aréné as Norfolk, inclusion of winter cover

crops within a crop rotation is a highly recommehdatigation measure.

The only drawback of the implemented mitigation swas with respect to water chemistry
was the impact they had on dissolved nitrous o) concentrations. It was hypothesised
that cover crops would substantially reduce disssbIO concentrations because of their
ability to reduce nitrate which was generally foundhave a linear relationship with.@®.
However, although the differences were not staadlij significant, higher B(O concentrations
were recorded in field drains under cover crop$ tWéhout a cover crop. This result may
suggest that the use of cover crop as an alteenfdivn management system to redue® N
emissions would not be successful. However, instinely area the implemented mitigation
measures were employed to tackle high nitrate osstber than high indirect2 emissions
and as such were found to be effective. Overalis iconcluded from this study that the
implemented mitigation measures, particularly tlse of a winter cover crops, are highly

recommended.

All samples collected in this study, regardlesdocftion and time of sampling, contained
higher NO concentration than the water-air equilibrium anteation, illustrating that all sites

were acting as a source ob®I emissions to the atmosphere. Stream samplesstemty
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contained lower BD concentrations than field drain samples duedadbid degassing of-®
from drain water on contact with the atmospheren&ames rainfall was found to be the only
factor driving changes in 0 concentration over time. However, in a few cdagge storm
events had negligible effects oa@iconcentration. Moreover 2R concentrations in both field
drain and stream water samples changed significanith season, with lowest values
occurring during the summer and highest valuesnduthe spring and autumn. Although
somewhat uncertain, soil texture was observed &t influence on D concentrations,
with clayey loam soils tending to contain highexO\concentrations than sandy loam soils. A
strong, positive correlation betweennONconcentration and drain flow rate highlighted the
influence of rainfall as it generally increasesivlate which in turn increases® fluxes. NO
concentrations were largely three orders of magdeittsmaller than dissolved NO
concentrations. Mean field drain fluxes of 30 g &k for N2O were also three orders of
magnitude lower than the mean N@ss of 35 kg N hida! and were comparable to the losses
of NHs" (65 g N hd a') and NG (25 g N ha at). This emphasised again that ;Ni® the
dominant form of N loss from field drains in theidy. Also, this stressed that N loss in the
form of N2O is significant and can be as high assNét NO; or even higher.

In this study, indirect nitrous oxide emission tastassociated with agricultural nitrogen loss
through leaching and runoff (Efhave been calculated using two approaches: tb€ [R2006)
approach and theJ9-N/NOs-N ratio method. For both field drain and streamevaamples,
the calculated Efvalues were lower when using the IPCC approach tha NO-N/NOs-N
ratio, although the differences were small. The-EBlues calculated for stream water using
the IPCC approach (0.0001) were three times lohan the value obtained using theON
N/NOs-N ratio (0.0003). The By value calculated for field drains using the IPGipraach
(0.0006) was half that calculated using th®©M/NOz-N ratio (0.0012).

One of the objectives of this study was to complaeecalculated Efvalues based on the two
years of monitoring data gathered here for fielirs and streams to the IPCC default value.
It was found that the calculated &fand Ekr emission factors using either method for both
drain and stream samples, respectively, were |Itinear the IPCC default value of 0.0025. The
calculated EF for stream samples was at least one order of raamiower than IPCC default
value and it was at least third lower in case effield drains. This indicated that the IPCC
(2006) default value, if applied, may still overgsdte indirect NO emissions. Temporal
variation in the NO-N/NOs-N ratio showed that this ratio is not constanbtigh time.

Increases in the XD/NQs ratio were recorded during the summer in bothdfigtains and
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stream samples during both monitoring years. Thenser period was the only time when the
N20O/NO:s ratio reached the IPCC default value for drain @as) whilst increases in stream
samples never reached the default value. It isluded here that unlike the IPCC approach,
which uses one EF value for both groundwater areist water, different water bodies have
different EFs values. Hence, if the £Was to be revised again for the IPCC methodology,
regardless of soil type, crop type and land usetjpes, then a value of 0.0009 (about a third
of the current value) for EfFand a value of 0.0002 (one order lower than threeati value)

for EFsr may be more reasonable estimates. Such a radwaldard revision would more than
halve the current estimates of indireeONemissions associated with leaching and runofffro

agriculture for the UK and globally.

7.2 Recommendations for further research

Several aspects concerning the effects of mitigathi@asures on soil and water quality and
N2O emissions have been addressed throughout theecolithis study and the main objectives
stated in the introductory chapter have been fetfilHowever, there remains room to further

improve our understanding.

If possible, a long-term experiment is requiredniake the correct decision to accept or reject
mitigation measures as part of routine agricultymalctices in intensive arable areas. Thus,
continuing with the implemented mitigation measutrga for the next few years with the
current soil and water sampling scheme in the staréwa is highly recommend because, as
discussed earlier, substantial changes in soihaatdr quality may only be observed after many
years of running the trials. Moreover, to corre@hsess the effectiveness of the mitigation
measures, all soil and water quality parametemgedlsas greenhouses gases should be taken
into consideration. However, emphasis should begol@n the effectiveness of such measures

in tackling the predominant environmental issueary area.

Regarding dissolved nitrous oxide measurements,esoreasurements of stable isotope
composition of nitrous oxide in drain and streammgkes might help to finally clarify the
prevailing production mechanism. IndireckON emissions are from aquatic systems that
receive N-rich water, typically from agriculture.iddolved NO measurements from other
water bodies such as lakes, rivers and aquifersitniglp to calculate X0 emissions more

precisely as these also contribute to overalD Emissions. Additionally, to calculate:®
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emissions globally and to reduce the large uncdriés in the estimated EF values, further
global work is required with more sampling of grdwater and other waterbodies with
variable anthropogenic influence. It would be veegpful if direct NO emissions from soils
were measured alongside indireciONemissions so that the effects of land use andhsea
could be observed on these major emissions andra accurate comparison between direct
and indirect NO losses could be made. Finally, several studiestionate emissions factors
and indirect NO emissions from leaching and runoff have beeniedhrout since 2006.
Therefore, updating the IPCC guidelines and indi© estimates by considering the new

findings from recent investigations is recommended.
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APPENDI X A Soil sampling location and soil fractions data

Figure A1 Map of locations of soil samples

Table Al coordination and percentage of soil fadiin the three
soil depths

Figure A2 Electrical conductivity map for the topdabottom soil
layers with soil texture
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Table Al Percentage of sail fractions in (0-30 c{8D-60 cm), and (60-90 cm) soil depths

Sample Sand Silt Clay Sand Silt Clay Sand Silt Clay
name Latitude (N) Longitude (E) 0-30 0-30 0-30 30-60 30-60 30-60 60-90 60-90 60-90
D1 52.7844873 1.119858 46 32 22 46 31 23 53 20
D2 52.78364387 1.11953044 48 34 18 47 36 17 35 23 2
D3 52.78209388 1.11658463 45 31 24 43 25 32 35 23 2
D4 52.78470428 1.11743469 53 34 13 55 30 15 53 27 0
D5 52.78404155 1.11481005 40 33 27 39 28 33 24 27 9
D6 52.78359362 1.1151999 47 31 22 44 31 25 49 23
D7 52.78297931 1.11600137 46 29 25 46 31 23 52 23 5
D8 52.78219711 1.1170388 43 31 26 44 29 27 45 25
D9 52.78313781 1.1175858 38 37 25 34 32 34 26 26
D10 52.78392873 1.11798344 40 38 22 39 38 23 36 3232
D11 52.78461202 1.11819182 48 35 17 44 39 17 55 30 15
D12 52.78377257 1.1191906 48 32 20 48 32 20 48 26 6
D13 52.782774 1.1197886 45 37 18 46 30 24 48 30
D14 52.78328994 1.12057052 48 31 21 41 32 27 54 22 24
D15 52.78408153 1.12024203 62 27 11 56 29 15 55 3312
D16 52.78474613 1.11986107 65 30 5 3 29 68 79 19
MH1 52.79209752 1.11331305 52 28 20 55 25 20 43 21 36
MH2 52.79059757 1.11420055 52 28 20 50 30 20 45 22 33
MH3 52.79009499 1.11671488 56 28 16 59 26 15 41 22 37
MH4 52.79183216 1.1149977 50 29 21 53 29 18 51 24 5
MH5 52.79283592 1.11280477 49 33 18 45 22 33 50 20 30
MH6 52.79214651 1.11247159 49 29 22 50 22 28 51 23 26
MH7 52.79134068 1.11201033 50 30 20 55 24 21 75 12 13
MH8 52.79043895 1.11149811 46 32 22 44 27 29 35 18 47
MH9 52.79082385 1.11298422 47 30 23 54 23 23 49 20 31
MH10 52.79111009 1.11431401 46 28 26 46 22 32 39 20 41
MH11 52.79172398 1.11501449 50 29 21 55 25 20 39 25 36
MH12 52.79076174 1.11509286 48 31 21 57 21 22 22 28 50
MH13 52.79006378 1.11425542 46 31 23 37 31 32 39 18 43
MH14 52.78992497 1.11521406 46 30 24 44 28 28 40 27 33
MH15 52.7898425 1.1160494 44 39 17 43 36 21 34 32 4
MH16 52.78980444 1.11705003 58 28 14 57 25 18 60 23 17
GH1 52.78208922 1.1252575 52 30 18 53 30 17 42 31 7
GH2 52.78494598 1.12460809 47 33 20 43 33 24 38 25 37
GH3 52.78419622 1.12157544 36 32 32 41 24 35 31 24 45
GH4 52.78693822 1.12796749 49 36 15 66 25 9 75 17
GH5 52.78439652 1.12141164 34 31 35 36 24 40 17 23 60
GH6 52.78370334 1.12251244 36 34 30 26 42 32 28 3933
GH7 52.78281284 1.12372538 56 25 19 66 18 16 67 18 15
GH8 52.78184063 1.12473255 49 34 17 52 31 17 54 24 22
GH9 52.78372723 1.12454102 54 32 14 51 33 16 39 39 22
GH10 52.78506858 1.12431614 40 40 20 32 41 27 22 44 34
GH11 52.78609201 1.12454144 39 46 15 58 29 13 62 2711
GH12 52.78519926 1.1255399 59 28 13 56 30 14 62 24 14
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GH13
GH14
GH15
GH16
FH1
FH2
FH3
FH4
FH5
FH6
FH7
FH8
FH9
FH10
FH11
FH12
FH13
FH14
FH15
FH16
FAR1
FAR2
FAR3
FAR4
FAR5
FAR6
FAR7
FARS
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MHF1
MHF2
MHF3
MHF4
MHF5
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MHF7
MHF8
MHF9
MHF10
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52.78521627
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1.11535349
1.11609046
1.11939529
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1.1157992
1.11686764
1.11806667
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59
57
a7
53
51
44
45
a7
41
39
42
40
52
50
54
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42
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54
57
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52
49
45
63
a7
48
52
45
58
57
54
43
a7
a7
43
51
57
58
42
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49
41
54
55
55
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41
37
30
35
30
38
34
36
31
30
25
28
26
27
31
27
24
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37
27
25
30
34
40
38
34
39
33
31
31
36
36
37
38
27
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24
33
32
33
40
31
30
30
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19
21
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27
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27
23
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18
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21
26
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14
14
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12
15
21
17
16
19
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15
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15

61
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57
46
47
40
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49
33
34
37
59
39
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a7
58
54
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57
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a7
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34
60
52
50
65
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73
58
37
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44
56
61
51
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60
44
36
46
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58
54
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40
27
30
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27
19
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28
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14
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30
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17
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37
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22
36
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14
22
25
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17
27
24
42

17
17
12
17

19
34
17
29
18

26
19
17
28
31
19
23
15
17
16

66 2311
73 1710
56 2321
70 22 8
33 20 7
31 24 45
28 2151
44 26 30
51 3217
18 3151
31 26 43
24 19 57
66 14 20
25 2352
51 1930
53 2126
38 29 33
63 16 21
48 1933
56 22 22
51 27 22
44 2135
39 22 39
25 22 53
58 30 2
45 30 25
56 28 16
71 16 13
54 19 27
78 12 10
50 2 25
29 26 45
60 2 16
39 2 34
62 2 17
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30 21 49
44 28 28
60 18 22
40 27 33
64 16 20
40 38 22
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61 22 17
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APPENDI X B Soil chemical and physical data

Figure B1 Map of locations of soil sampling
Table B1 Soil Mineral Nitrogen (SMN) data
Table B2 Soil macronutrients data

Figure B2 Map of location of Soil Organic Carbordaoil physical
measurements

Table B3 Soil Organic Carbon data
Figure B3 Photographs of field works of soil phgdimeasurements

Table B4 Bulk density, Infiltration rate, and Paaébn resistance
data
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Table B1 Soil Mineral Nitrogen (SMN) data

Dry Nitrate Available N Dry Nitrate Available N Dry Nitrate Available N
Sample Sampling Depth Matter (mg Ammonium 30 cm profile Depth Matter (mg Ammonium 30 cm profile Depth Matter (mg Ammonium 30 cm profile
name date (cm) (% wiw) N/kg) (mg N/kg) (kg N/ha) (cm) (% wiw) N/kg) (mg N/kg) (kg N/ha) (cm) (% wiw) N/kg) (mg N/kg) (kg N/ha)
P1 03/09/2013 0-30 88.3 4.62 0.05 18.7 30-60 89.2 0.48 0.42 3.6 0-9% 89 0.05 0.05 0.4
P2 03/09/2013 0-30 84.8 9.53 0.35 39.5 30-60 88.5 0.69 0.05 3 9®0- 88.9 0.06 0.06 0.5
P3 03/09/2013 0-30 83.5 9.04 0.56 38.4 30-60 85.6 0.71 0.05 3 9®0- 88 0.05 0.05 0.4
P4 03/09/2013 0-30 82 8.14 0.58 34.9 30-60 87.1 1.77 0.06 7.3 9®0- 87.7 0.07 0.07 0.5
FAR1 03/09/2013 0-30 85.5 5.72 0.37 24.4 30-60 90.8 0.86 0.32 4.7 0-9% 91.1 0.05 0.05 0.4
FAR2 03/09/2013 0-30 86.5 6.53 1.07 30.4 30-60 90.8 1.17 0.42 6.4 0-9% 89.6 0.07 0.49 2.3
FAR3 03/09/2013 0-30 86.1 8.63 0.44 36.3 30-60 90.4 2.27 0.86 12,5 | 60-90 90.8 0.26 0.05 1.2
FAR4 03/09/2013 0-30 86.2 6 0.83 27.3 30-60 87.3 1.26 0.69 7.8 ®0-9 898 0.05 0.05 0.4
MH1 03/09/2013 0-30 88.2 3.74 0.05 15.2 30-60 89.7 0.56 0.36 3.7 0-9% 86.8 0.05 0.05 0.4
MH2 03/09/2013 0-30 86.9 478 0.48 21 30-60 89.5 0.49 0.49 3.9 9®0- 90.3 0.05 0.51 22
MH3 03/09/2013 0-30 89 5.53 0.38 23.6 30-60 94 1.32 0.28 6.4 60-90 88 0.05 0.71 3.1
MH4 03/09/2013 0-30 88.5 8.27 1.13 37.6 30-60 93.6 1.85 0.46 9.2 0-9% 88.6 0.94 0.37 5.2
FH1 03/09/2013 0-30 88.6 6.66 431 43.9 30-60 90.1 1.73 0.45 8.7 0-9% 88.1 0.06 0.34 1.6
FH2 03/09/2013 0-30 84.1 6.22 1.24 29.8 30-60 87.3 0.83 0.24 4.3 0-9% 88.9 0.05 0.05 0.4
FH3 03/09/2013 0-30 85.9 3.6 0.82 17.7 30-60 86.8 0.42 0.05 1.9 -9®0 89.2 0.05 0.05 0.4
FH4 03/09/2013 0-30 81.5 13.19 1.22 57.6 30-60 84.8 7.06 0.06 285 | 60-90 85.8 0.99 0.05 4.2
SF1 03/09/2013 0-30 89.1 7.17 0.84 32.1 30-60 90.6 2.21 0.34 10.2 | 60-90 88.1 0.69 0.05 3
SF2 03/09/2013 0-30 89.9 6.27 0.42 26.8 30-60 96.1 15 0.05 6.2 -9®B0 91.7 0.42 0.26 2.7
SF3 03/09/2013 0-30 89.6 5.35 0.46 23.2 30-60 96.1 1.94 0.62 10.2 | 60-90 96.1 0.2 0.49 2.7
SF4 03/09/2013 0-30 87.1 5.6 1 26.4 30-60 87.8 1.06 0.75 7.2 60-90 87.1 0.05 0.47 21
swi 03/09/2013 0-30 88.6 9.46 2.32 47.1 30-60 95 6.25 0.6 27.4 9®0- 97.3 0.43 0.26 2.7
SW2 03/09/2013 0-30 86.2 13.16 0.91 56.3 30-60 86.3 3.4 0.47 155 | 60-90 84 2.3 1.15 13.8
sSw3 03/09/2013 0-30 85.5 3.7 0.54 16.9 30-60 85.4 2.47 0.54 12 9®0- 81.7 0.67 0.34 4
swa 03/09/2013 0-30 85.9 7.15 1.12 33.1 30-60 89.5 1.74 0.43 8.7 0-9% 87.1 0.05 0.39 1.7
D1 03/09/2013 0-30 85.5 8.51 0.38 35.6 30-60 89.1 1.05 0.3 5.4 960 90.6 0.05 0.05 0.4
D2 03/09/2013 0-30 84.6 6.75 0.35 28.4 30-60 89.6 1.16 0.05 4.8 0-9% 90.2 0.06 0.06 0.4
D3 03/09/2013 0-30 87.9 10.43 0.29 42.9 30-60 87 2.02 0.4 9.7 9®0- 87.3 0.31 0.05 15
D4 03/09/2013 0-30 83.8 7.03 0.48 30.1 30-60 89.4 1.42 0.06 5.9 0-9% 87.9 0.08 0.05 0.5
GH1 03/09/2013 0-30 87.1 5.87 0.69 26.2 30-60 92.4 1.73 0.31 8.2 0-9% 90.7 0.05 0.3 1.4
GH2 03/09/2013 0-30 86.1 4.29 0.6 19.6 30-60 89.3 1.4 0.05 5.8 9®0- 89.8 0.05 0.05 0.4
GH3 03/09/2013 0-30 83.7 5.19 0.35 22.2 30-60 88.3 2.83 0.29 12,5 | 60-90 85.6 3.11 0.39 14
GH4 03/09/2013 0-30 86 16.61 0.81 69.7 30-60 89.7 6.34 0.42 27 9®0- 84.5 4.32 0.67 19.9
MHF1 03/09/2013 0-30 87.5 13.81 0.33 56.6 30-60 90.1 3.8 0.3 16.4 0-9% 87.1 0.05 0.32 15
MHF2 03/09/2013 0-30 87.8 4,62 0.5 20.5 30-60 91.7 2.32 0.3 10.5 -9®B0 91.6 0.04 0.04 0.4
MHF3 03/09/2013 0-30 88.9 491 0.53 21.8 30-60 92.4 3.72 0.34 16.2 | 60-90 90.8 0.47 0.41 35
MHF4 03/09/2013 0-30 87.1 11.39 0.29 46.8 30-60 88.3 1.96 0.23 8.8 60-90 86.4 0.47 0.05 21
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Dry Nitrate Available N Dry Nitrate Available N Dry Nitrate Available N
Sample Sampling Depth Matter (mg Ammonium 30 cm profile | Depth Matter (mg Ammonium 30 cm profile | Depth Matter (mg Ammonium 30 cm profile
name date (cm) (% wiw) N/kg) (mg N/kg) (kg N/ha) (cm) (% wiw) N/kg) (mg N/kg) (kg N/ha) (cm) (% wiw) N/kg) (mg N/kg) (kg N/ha)
P1 03/02/2014 | 0-30 83 2.65 0.68 13.3 30-60 83.4 2 0.49 10 60-90 4.28 2.56 0.43 11.9
P2 03/02/2014 | 0-30 77.6 3.55 1.28 19.3 30-60 81.2 5.03 0.64 22.7 | 60-90 84 417 0.52 18.7
P3 03/02/2014 | ¢.30 78.3 2.89 0.69 143 30-60 80.6 3.79 0.54 17.3 | 60-90 83.5 3.5 0.44 15.8
P4 03/02/2014 | 0.30 73.8 3.27 1.19 17.9 30-60 78.4 3.58 0.69 17.1 | 60-90 83.1 2.99 0.39 13.5
FARL 03/02/2014 | ¢.30 80.1 3.48 1.21 18.8 30-60 82.9 5.01 0.88 23.6 | 60-90 85.2 5.01 0.93 23.8
FAR2 03/02/2014 | 0-30 81.8 3.32 1.49 19.3 30-60 84 3.64 0.95 18.4 -960 85 3.02 1.16 16.7
FAR3 03/02/2014 | ¢.30 80.1 1.65 1.34 12 30-60 84 2.27 0.77 12.2 ®0-9 852 2.95 1.15 16.4
FAR4 03/02/2014 | o.30 80.2 3.53 1.05 18.3 30-60 81.8 473 1.48 249 | 60-90 83.1 4.14 1 20.5
MH1 03/02/2014 | 0.30 85.2 2.55 1.28 15.3 30-60 85.7 1.3 1.05 9.4 -9B0 84.4 1.63 2.08 14.8
MH2 03/02/2014 | ¢.30 82.7 3.39 1.03 17.7 30-60 83.7 1.42 0.6 8.1 -9®0 84.6 0.56 0.56 44
MH3 03/02/2014 | 0-30 85.2 2.54 0.83 135 30-60 87.2 1.8 0.67 9.9 -9®0 84.4 0.06 0.55 2.4
MH4 03/02/2014 | o.30 84.4 3.03 5.42 338 30-60 86.4 1.93 0.97 11.6 | 60-90 84.7 0.49 0.68 47
FH1 03/02/2014 | 0.30 84.8 2.72 0.84 14.2 30-60 85.7 2.08 1.49 14.3 | 60-90 82.8 0.07 0.79 3.4
FH2 03/02/2014 | 0.30 79.8 3.13 1.43 18.2 30-60 82.9 2.26 0.63 11.6 | 60-90 84.6 0.71 0.51 49
FH3 03/02/2014 | ¢.30 81.9 1.17 1.12 9.2 30-60 82.8 1.74 0.71 9.8 -9®0 83.5 0.8 0.57 5.5
FH4 03/02/2014 | 0.30 76.8 6.71 1.19 316 30-60 79.4 473 0.84 223 | 60-90 83.4 1.66 0.54 8.8
SF1 03/02/2014 | o.30 84.8 3.62 2.67 25.2 30-60 86.6 3.48 1 17.9 9B0- 832 0.75 1 7
SF2 03/02/2014 | 0.30 86.4 2.59 0.96 14.2 30-60 88.8 1.68 1.12 11.2 | 60-90 89.9 0.05 0.87 3.7
SF3 03/02/2014 | ¢.30 86.5 1.85 1.12 11.9 30-60 89 1.82 0.82 10.6 -9®0 90.4 0.06 1.12 a7
SF4 03/02/2014 | ¢.30 83.8 2.4 0.94 13.4 30-60 83 2.02 1.15 12.7 9B0- 8238 0.59 1.18 7.1
swi 03/02/2014 | 0-30 85.1 5.21 1.29 26 30-60 90.1 1.22 1.22 9.8 9B0- 942 0.05 0.49 2.2
Sw2 03/02/2014 | o.30 78.1 0.07 2.88 11.8 30-60 83.3 1.37 1.07 98 | 096 79.7 2.99 8.76 a7
sw3 03/02/2014 | 0.30 80.3 1.75 3.16 19.6 30-60 80.3 2.66 0.85 14 960 80 0.94 1 7.8
Sw4 03/02/2014 | ¢.30 82.1 3.91 1.23 20.5 30-60 84.9 1.84 0.79 10.5 | 60-90 85.5 0.53 0.87 5.6
D1 03/02/2014 | 0-30 835 1.03 0.54 6.3 30-60 83.2 2.1 0.53 10.5 -9B0 80.4 1.1 0.84 7.8
D2 03/02/2014 | 0-30 81.1 3.41 1.01 17.7 30-60 83.3 2.58 0.74 133 | 60-90 85.4 0.57 0.51 43
D3 03/02/2014 | o.30 82.8 1.57 1.08 10.6 30-60 83.6 1.32 0.66 79 | 098 83.9 0.69 0.49 47
D4 03/02/2014 | 0.30 78.2 459 1.16 23 30-60 81.2 3.47 0.61 16.3 960 83 0.99 0.49 5.9
GH1 03/02/2014 | ¢.30 84.4 4.76 1.04 23.2 30-60 85.7 2.46 0.67 12.5 | 60-90 85.4 0.65 0.56 4.9
GH2 03/02/2014 | 0-30 83.7 2.07 0.92 12 30-60 84.9 1.37 0.81 8.7 9B0- 857 0.83 0.61 5.8
GH3 03/02/2014 | o.30 79.1 3.63 1.31 19.8 30-60 82.4 2.56 0.75 13.3 | 60-90 82.1 1.69 0.88 10.3
GH4 03/02/2014 | o.30 81.7 4.91 0.9 23.2 30-60 86.4 4.14 0.78 19.7 | 096 87.1 0.7 0.65 5.4
MHF1 03/02/2014 | 0.30 835 2.33 1.16 14 30-60 85.6 1.77 0.61 9.5 9B0- 832 0.52 0.47 4
MHF2 03/02/2014 | ¢.30 84.3 1.86 0.93 11.1 30-60 86.4 1.82 0.69 10 -9®0 86.1 0.39 0.56 3.8
MHF3 03/02/2014 | 0.30 835 0.6 1.54 8.6 30-60 86.4 1.86 0.55 9.6 9B0-  86.7 0.06 0.56 25
MHF4 03/02/2014 | o-30 83 2.26 1.06 133 30-60 84.3 1.9 0.55 9.8 ®0-9 837 1.12 0.49 6.4
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Dry Nitrate Available N Nitrate Available N Nitrate Available N
Sample Sampling Depth Matter mg Ammonium 30 cm profile Sampling Depth Dry matter N Ammonium 30 cm profile Sampling Depth Dry matter N Ammonium 30 cm profile
Name date (cm) % wiw N/kg mg N/kg kg N/ha date (cm) % wiw) (mg/kg) N (mg/kg) (kgN/ha) date (cm) (% wiw) (mg/kg) N (mg/kg) (kgN/ha)
P1 17/07/2014  ¢.15 86.8 1.7 0.92 5.3 20/02/2015 (.15 83.2 0.44 0.87 438 21/07/2015 .15 90.9 2.34 0.94 12.3
P2 17/07/2014 .15 80.9 3.33 1.13 8.9 20/02/2015 .15 79.1 0.61 1.06 6.2 21/07/12015  o.15 87.4 7.66 1.23 33.3
P3 17/0712014 .15 81.2 5.18 1.29 12.9 2010212015 .15 80 7.04 0.77 29.2 21/0712015  o.15 86 3.02 1.03 15.2
P4 17/0712014 .15 80.3 4.41 1.09 11 2010212015 (.15 76.2 1.01 1.22 8.4 21/0712015  o.15 86.2 2.91 1.07 14.9
FAR1 17/07/2014  ¢.15 84.1 43 0.89 10.4 20/02/2015 (.15 80.5 1.69 1.06 10.2 21/07/2015 .15 88.6 1.55 0.69 8.4
FAR2 17/07/2014  ¢.15 84.4 488 3.1 16 20/02/2015 (.15 83.2 0.9 0.95 7 21/07/2015 .15 91 1.46 0.61 7.8
FAR3 17/07/2014 .15 85.7 1.99 0.66 5.3 20/02/2015 .15 81.5 1.13 0.92 7.8 21/07/12015  ¢.15 88.8 151 0.8 8.7
FAR4 17/072014 .15 85.1 3.84 0.95 9.6 201022015 .15 81.6 0.69 1.03 6.4 21/07/12015  o.15 89 1.89 1.07 111
MH1 17/0712014 .15 87.2 5.12 2.07 14.4 2010212015 (.15 85.3 1.17 0.76 7.2 21/0712015  o.15 94.3 1.65 0.99 9.9
MH2 17/07/2014 015 87.4 1.85 1.3 6.3 20/02/2015 (.15 84.3 1.43 1.15 9.6 21/07/2015 .15 925 4.08 1.43 20.6
MH3 17/07/2014 .15 90.6 2.49 0.95 6.9 20/02/2015 .15 84.9 0.65 0.7 5 21/07/12015  ¢.15 92.5 1.61 1.13 10.3
MH4 17/07/2014 .15 87.4 4.07 0.95 10 20/02/2015 .15 82.8 1.39 1.88 12.2 21/07/12015  ¢.15 93.7 6.94 1.04 29.9
FH1 17/072014 .15 89.6 2.08 1.16 6.5 201022015 .15 83.3 0.61 0.85 5.4 21/0712015  o.15 92 1.63 1.25 10.8
FH2 17/072014 .15 82.6 4.28 0.9 10.4 2010212015 (.15 80.9 1.64 0.78 9 21/0712015  o.15 90.1 3.81 1.32 19.3
FH3 17/07/2014  ¢.15 86.7 2.15 0.8 5.9 20/02/2015 (.15 83.8 1.12 0.59 6.4 21/07/2015 .15 90.2 2.07 0.87 11
FH4 17/07/2014 .15 81.7 3.79 1.2 10 20/02/2015  ¢.15 76.7 1.17 0.88 7.6 21/07/12015  o.15 86.8 3.4 1.22 173
SF1 17/072014 .15 89.6 1.58 0.96 5.1 20/02/2015 .15 84.6 1.1 0.7 6.8 21/0712015  o.15 92.4 2.96 1.54 16.9
SF2 17/0712014 .15 90.2 2.06 0.91 5.9 20/02/2015 .15 85.4 0.55 1 5.8 21/0712015  o.15 93.3 9.9 1.03 a1
SF3 17/0712014 .15 89.7 0.95 1 3.9 20/02/2015 (.15 86.6 0.67 0.61 4.8 21/0712015  o.15 93.2 2.73 0.57 12.4
SF4 17/07/2014 015 87.5 1.73 0.89 5.2 20/02/2015 (.15 84.9 0.3 0.66 3.6 21/07/2015 .15 90.5 6.72 0.8 28.2
swi 17/07/2014 .15 86.5 3.03 1.13 8.3 20/02/2015 .15 84.6 2.31 0.58 108 21/07/12015  o.15 92.3 453 1.24 21.6
Sw2 17/0712014 .15 87 2.06 1 6.1 20/02/2015 .15 83.9 1.69 1.01 10.2 21/0712015  o.15 89.2 2.78 0.97 14.1
Sw3 17/072014 .15 84.3 1.92 0.85 5.5 2010212015 (.15 81.5 3.25 1.36 17.4 21/0712015  o.15 86.2 14.65 1.03 58.8
Sw4 17/0712014 .15 85.6 1.75 1.15 5.8 2010212015 (.15 81.9 0.6 0.71 48 21/0712015  o.15 89.9 3.88 1.18 19
D1 17/07/2014  ¢.15 84.8 2.9 0.69 7.2 20/02/2015 (.15 81.4 1.23 0.9 8 21/07/2015 .15 90.6 4.01 0.8 18.1
D2 17/07/2014 .15 84.3 3.61 0.9 9 20/02/2015 .15 81.1 1.03 1.03 7.8 21/07/12015  o.15 91.4 2.86 1.22 15.3
D3 17/072014 .15 86.9 6.99 2.33 18.6 201022015 .15 82.2 0.06 1.19 4.6 21/0712015  o.15 90.7 1.42 0.74 8.1
D4 17/072014 .15 81.1 8.59 0.8 18.8 201022015 (.15 78.6 1.49 1.06 9.6 21/0712015  o.15 82.9 6.66 1.92 32.2
GH1 17/07/2014  ¢.15 87.6 1.79 0.92 5.4 20/02/2015 (.15 83.7 1.35 1.19 9.6 21/07/2015 .15 89.9 1.74 1.32 11.5
GH2 17/07/2014 o315 87 2.06 1.03 6.2 20/02/2015 (.15 82 0.64 0.89 5.8 21/07/2015 .15 89.1 2.79 1.13 14.7
GH3 17/07/2014 .15 82.3 30.02 1.08 62.2 20/02/2015 .15 79.1 0.95 0.88 6.8 21/07/12015  ¢.15 83.8 14.16 1.7 59.5
GH4 17/0712014 .15 86.2 1.66 1.01 5.3 20/02/2015 .15 82.1 1.36 0.71 7.8 21/0712015  o.15 90.5 2.33 111 12.9
MHF1 17/072014 .15 87.9 2.12 0.77 5.8 2010212015 (.15 84.4 0.48 0.85 5 21/0712015  o.15 90.9 4.26 1.16 20.3
MHF2 17/07/2014 015 88.8 2.26 0.93 6.4 20/02/2015 (.15 84.8 0.79 1.14 7.2 21/07/2015 .15 915 1.59 1.26 10.7
MHF3 17/07/2014 .15 87.6 2.29 1.25 7.1 20/02/2015 .15 84.6 0.06 0.95 3.8 21/07/12015  o.15 92.7 2.33 0.88 12
MHF4 17/07/2014 .15 87.1 3.02 1.04 8.1 20/02/2015 .15 82.2 0.06 0.79 3.2 21/07/12015  o.15 91.3 3.28 0.98 16
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Table B2 Soil macronutrients data

P K Mg SQr-S P K Mg SQr-S P K Mg SQr-S P K Mg SQr-S
Sep.2013 Sep.2013 Sep.2013 Sep.2013| Feb.2014 Feb.2014 Feb.2014 Feb.2014| Feb.2015 Feb.2015 Feb.2015 Feb.2015| Jul2015 Jul.2015 Jul.2015 Jul.2015
Sample | (mgL") (mglh) (mgL") (mgL") | (mgL") (mgL") (mgL") (mgL") | (mglL") (mgL"h (mgL") (mgL") | (mgL") (mgL") (mgL") (mgL?)
P1 28.4 86 52 8.9 25 83.8 38.1 5.7 23 96.3 48.2 36 26 98.3 44.8 6.8
P2 21.4 76 57 15.4 17.6 82.2 62.35 5.1 28.2 1208 058 5.0 22.6 63.6 66.7 9.1
P3 18.6 110 72 13.4 21.2 134.3 80.25 4.8 28 1659 358 5.1 36 143.0 70.9 10.2
P4 31 140 86 13.9 25.4 137.5 93.15 7.4 37.6 170.8 6.4 9 47 50.2 160.0 91.6 7.8
FAR1 14.4 94 51 6.5 11.6 73.1 59.75 6.8 13 745 957. 39 25.4 68.9 35.1 8.4
FAR2 22.8 128 48 6.9 15.6 81.1 57.3 7.6 15 85.4 548. 38 18.8 713 44.3 5.4
FAR3 16.4 134 51 6.5 14.8 76.3 61.25 7.1 19.2 110.8 54.1 3.4 18.4 80.2 54.1 5.9
FAR4 18.4 118 49 8.0 13 95.1 57.15 4.0 19.2 1326 685 4.4 17.4 8L.4 53.9 5.1
MH1 31.2 82 53 8.0 24.6 91.3 41.05 5.9 37.8 165.6 9.74 3.8 39.6 79.8 33.4 6.9
MH2 25.6 87 45 7.5 23.2 113.9 29.6 6.8 28.4 129.3  4.44 3.6 49 245.0 54.5 8.7
MH3 37.6 92 41 6.4 37.8 147.2 43.4 45 46.6 1604 0 3 3.8 43.8 109.0 30.8 7.4
MH4 314 122 45 8.0 34.4 172.4 46.75 6.8 38.6 2321 45.1 3.6 39.2 141.0 34.6 7.1
FH1 20.8 131 45 7.6 222 125.7 43.15 8.4 19.6 140.2 41.2 3.2 23.4 733 32.6 7.7
FH2 16.2 109 59 7.6 15.8 128.9 63.2 8.7 15.8 1249 63 4.0 16.2 106.0 55.5 7.9
FH3 18.6 121 57 6.5 21.4 164.4 65.4 6.1 17 203.4 86 35 19 133.0 62 5.1
FH4 22.8 85 57 12.1 26.4 109.1 65.5 10.2 24.6 86.6 74.1 7.0 25 58.0 60.6 125
SF1 51 124 46 8.3 26.2 128.4 51.2 8.4 55.2 2344 348 31 64.8 204.0 50 113
SF2 41.2 107 44 7.2 33.6 109.6 48.3 6.4 53.6 206.3 40.3 3.0 44.8 138.0 40.9 11.0
SF3 41.4 91 43 6.3 36.8 184.3 435 7.5 46 160.4 846. 25 412 101.0 44.6 5.7
SFa 32 86 52 7.9 28 110.7 75.3 7.2 31.8 108.0 55.8 2.4 36 107.0 74 7.1
Sw1 40.6 142 45 6.7 37 167.6 51.45 7.0 38.4 199.0 165 2.6 38.8 242.0 42.7 7.3
sw2 39 114 50 19.8 26.6 120.3 59.25 8.5 34.6 152.7 43.6 2.8 31.6 103.0 51 8.8
Sw3 23 69 48 9.6 15 123.0 56.5 7.9 25.6 117.2 55.1 3.4 20 103.0 54.7 9.0
Sw4 11.8 79 53 6.3 10 73.1 58.5 7.4 13.6 87.4 398 26 18 133.0 54.5 7.6
D1 13.8 95 54 8.5 12.6 103.2 38.85 6.5 12.8 1185 164 3.9 14.4 128.0 59.5 7.2
D2 14.2 126 50 8.3 11 132.7 355 4.3 13.4 1471 756. 4.0 12.4 100.0 48.8 8.2
D3 34.4 189 69 8.2 31.8 168.7 69.25 7.1 29 1708 872 34 32 168.0 72.3 5.6
D4 21.8 68 48 8.7 22.6 97.2 48.15 5.2 34 87.4 67 3 4| 368 94.7 58.8 8.0
GH1 52.2 138 51 7.2 43 196.1 72.15 11.0 54.6 182.9 54.9 3.3 49.6 118.0 54.5 8.4
GH2 27.4 153 64 6.7 29.6 153.6 77.15 10.8 26.8 449. 53 3.6 25.2 102.0 65.8 7.0
GH3 34.2 170 57 8.5 33.6 175.7 68.3 10.7 43 1753 435 4.2 41.6 149.0 49.5 8.6
GH4 24.6 141 44 9.1 24.6 137.5 50.95 115 18.2 a48.  36.3 4.0 16.8 105.0 30.6 6.9
MHF1 26.8 20 50 9.7 28.4 138.1 45.35 47 32.6 168.4 49.4 3.4 29.2 121.0 46.8 6.6
MHF2 34.6 138 47 7.0 25 160.6 40.05 5.2 29.8 147.7 411 2.6 28.6 146.0 435 5.8
MHF3 38.6 99 43 6.8 35.6 143.4 44.45 47 41 1189 523 3.6 432 112.0 37 6.1
MHF4 29.4 133 64 9.5 31.2 1225 46.15 7.6 25.2 46,  64.3 3.8 21 93.5 47 6.3
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Figure B2 Map of location of Soil Organic Carbor®() and soil physical measurement
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Table B3 Soil Organic Carbon (SOC) data

sample SOC (%) SOC (%) SOC (%) SOC (%) SOC (%) sample SOC (%) SOC (%) SOC (%) SOC (%) SOC (%) sample SOC (%) SOC (%) SOC (%) SOC (%) SOC (%)
May2013 Sep.2013 Feb.2014 Feb.2015 Jul.2015 May2013 Sep.2013 Feb.2014 Feb.2015 Jul.2015 May2013 Sep.2013 Feb.2014 Feb.2015 Jul.2015
P1 1.508 1.508 1.508 1.566 FH1 1.508 1.218 1.334 1.392 D1 1.74 1.972 1.914 2.03
P2 2.03 2.262 2.552 2.61 FH2 1.972 2.03 2.262 2.32 D2 1.856 1.914 2.088 1.972
P3 2.378 2.378 2.494 2.436 FH3 1.914 1.682 1.682 1.914 D3 1.45 1.392 1.508 1.566
P4 2.842 3.248 3.132 3.364 FH4 2.494 2.958 3.19 3.48 D4 2.378 2.378 2.668 2.784
PS5 1.88 FH5 1.47 D5 1.64
P6 1.77 FHE 2.10 D6 112
P7 2.05 FH7 1.05 b7 1.04
P8 1.21 FH8 131 D8 0.97
P9 1.35 FH9 1.05 D9 1.48
P10 1.81 FH10 1.01 D10 1.55
P11 1.33 FH11 0.97 D11 2.07
P12 1.06 FH12 1.09 D12 1.49
P13 1.08 FH13 1.19 D13 1.69
P14 1.44 FH14 0.98 D14 115
P15 1.53 FH15 0.81 D15 0.91
P16 1.59 FH16 3.67 D16 2.08
FAR1 1.798 1.798 1.914 1.972 SF1 1.276 1.45 1.276 1.45 GH1 1.45 2.378 1.508 1.74
FAR2 174 1.624 1.682 1.682 SF2 1.102 1.218 1.218 1.16 GH2 1.566 2.146 1.624 1.798
FAR3 1.798 1.624 1.798 1.74 SF3 1.044 1.218 116 1.102 GH3 2.32 2.9 2.61 2.726
FAR4 1.856 1.682 1.856 1.798 SF4 1.276 1.566 1.45 1.508 GH4 2.03 2.262 1.972 2.262
FARS 1.23 SF5 1.02 GHS5 1.98
FAR6 1.18 SF6 0.82 GH6 211
FAR7 0.83 SF7 0.98 GH7 139
FAR8 0.80 SF8 0.81 GH8 1.92
FAR9 1.21 SF9 0.82 GH9 0.93
FAR10 1.10 SF10 0.82 GH10 1.59
FAR11 1.38 SF11 0.87 GH11 1.94
FAR12 1.20 SF12 0.83 GH12 0.78
FAR13 1.53 SF13 0.68 GH13 0.69
FAR14 1.27 SF14 0.85 GH14 0.80
FAR15 1.46 SF15 0.96 GH15 1.55
FAR16 1.49 SF16 0.92 GH16 2.48
MH1 1.45 1.218 1.45 1.334 Swi 1.566 1.798 1.74 1.914 MHF1 1.566 1.45 1.45 1.624
MH2 1.392 1.45 1.508 1.74 Sw2 1.45 1.682 1.682 1.74 MHF2 1.334 1.044 1.102 1.218
MH3 1.218 1.16 1.334 1.276 Sw3 1.74 1.914 2.088 2.436 MHF3 1.102 116 1.16 1.334
MH4 1.218 1.276 1.508 1.45 Swa 1.74 1.798 1.914 2.088 MHF4 1.856 1.682 1.74 1.856
MHS5 0.81 SW5 2.25 MHF5 1.07
MHé 0.98 SWe 0.95 MHF6 0.93
MH7 1.00 Sw7 0.89 MHF7 124
MH8 1.03 sw8 1.39 MHF8 1.00
MH9 0.95 SW9 1.70 MHF9 0.79
MH10 0.82 Sw10 1.43 MHF10 0.78
MH11 1.00 Swil 2.02 MHF11 0.85
MH12 112 Swi12 3.06 MHF12 1.02
MH13 0.90 Swi3 2.61 MHF13 1.02
MH14 1.05 swi4 1.98 MHF14 0.96
MH15 0.98 SW15 2.02 MHF15 0.76
MH16 0.98 Swie 2.27 MHF16 0.78
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Figure B3 Photographs of field works to carry auit physical measurements (bulk density, infilioatirate and penetration resistance) and soil sampliMay 2013
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Table B4 Bulk density (BD), Infiltration rate (IRyd Penetration resistance (PR) data

BD BD BD IR IR IR PR PR PR BD BD BD IR IR IR PR PR PR
May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015 May.2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015
Sample (gm/cm?) (gm/cm?) (gm/cm®) (mm/hr) (mm/hr) (mm/hr) (Ncm?) (Ncm?) (Ncm?) Sample (gm/cm?) (gm/cm?) (gm/cm®) (mm/hr) (mm/hr) (mm/hr) (Ncm?) (Ncm?) (Ncm?)

P1 151 1.52 64 0 230 357 SF1 1.72 1.59 30 0 333 333

P2 1.41 1.23 46 3 227 413 SF2 1.58 1.53 46 3 277 367

P3 1.57 1.26 91 15 210 390 SF3 1.62 1.66 51 15 250 313

P4 1.37 1.17 78 0 207 423 SF4 1.51 1.35 25 0 240 270
P5 1.45 48 347 SF5 1.66 70 387
P6 131 48 427 SF6 1.73 50 407
P7 1.36 49 480 SF7 1.57 59 427
P8 1.44 29 373 SF8 1.63 38 420
P9 1.45 51 493 SF9 1.60 27 453
P10 1.26 70 393 SF10 1.58 57 360
P11 1.50 27 533 SF11 1.51 43 400
P12 1.62 71 393 SF12 1.62 76 400
P13 1.48 28 533 SF13 1.67 73 440
P14 1.50 5 420 SF14 1.66 48 373
P15 1.59 38 413 SF15 1.59 16 453
P16 1.33 46 587 SF16 1.64 53 533

FAR1 1.57 1.34 58 4 250 343 MH1 1.83 1.45 29 6 347 367

FAR2 1.50 1.44 22 3 200 397 MH2 1.71 1.49 20 6 260 453

FAR3 1.48 1.47 40 3 253 300 MH3 1.68 1.53 55 6 307 420

FAR4 1.49 131 51 0 380 380 MH4 1.86 133 23 3 275 380
FARS 1.54 48 340 MH5 1.67 95 453
FARG 1.57 51 360 MH6 1.60 81 460
FAR7 1.60 38 413 MH7 1.66 62 407
FAR8 1.66 53 493 MH8 1.64 38 540
FAR9 1.52 70 387 MH9 1.63 87 427
FAR10 1.51 40 373 MH10 1.52 32 413
FAR11 1.57 21 433 MH11 1.73 79 500
FAR12 1.48 12 427 MH12 1.67 137 340
FAR13 1.50 47 503 MH13 1.70 88 460
FAR14 1.57 53 460 MH14 1.50 86 460
FAR15 1.64 56 407 MH15 1.65 95 460
FAR16 1.56 52 320 MH16 1.58 130 493
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BD BD BD IR IR IR PR PR PR BD BD BD IR IR IR PR PR PR
May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015
Sample (gm/cm®) (gm/cm®) (gm/cm®) (mm/hr) (mm/hr) (mm/hr) (N cm?) (N cm?) (N cm?) Sample (gm/cm®) (gm/cm®) (gm/cm®) (mm/hr) (mm/hr) (mm/hr) (N cm?) (N cm?) (N cm?)

FH1 1.72 1.61 23 3 323 343 swi 1.67 136 62 6 323 283

FH2 1.70 1.48 7 3 400 397 SwW2 1.70 1.60 19 0 400 263

FH3 1.79 1.60 13 3 343 300 SW3 1.53 1.47 77 0 343 327

FH4 1.46 1.46 31 6 273 380 swa 1.62 1.45 30 8 273 300
FH5 1.50 23 517 SW5 1.51 78 580
FHE 1.50 61 460 SWe 1.54 75 533
FH7 1.74 43 420 SwW7 1.58 75 507
FH8 1.47 47 493 Sws8 1.50 61 420
FH9 1.68 36 467 SW9 1.44 38 327
FH10 1.73 78 387 SW10 1.61 45 413
FH11 1.69 59 415 Swi1 1.36 57 373
FH12 1.69 56 400 SW12 131 75 320
FH13 1.61 38 447 SwW13 1.20 68 433
FH14 1.62 58 380 Swi4 1.25 59 593
FH15 1.54 45 313 SW15 1.30 74 400
FH16 1.67 107 460 SWie 1.40 35 387

D1 1.67 1.39 59 11 300 453 GH1 1.59 1.43 32 6 227 407

D2 1.54 1.28 10 6 187 480 GH2 1.51 1.47 34 8 213 473

D3 1.89 1.56 21 6 227 467 GH3 1.44 1.36 57 16 207 353

D4 1.42 1.15 50 6 300 367 GH4 1.46 1.23 46 7 267 407
D5 1.27 68 533 GHS5 1.36 57 533
D6 1.51 50 473 GH6 1.44 85 493
D7 1.45 63 560 GH7 1.54 92 380
D8 1.62 46 540 GH8 1.53 71 393
D9 1.39 119 500 GH9 1.57 78 433
D10 1.39 84 507 GH10 1.61 96 467
D11 1.40 55 360 GH11 1.38 120 370
D12 1.38 112 577 GH12 1.56 133 413
D13 1.39 84 473 GH13 1.55 101 427
D14 1.52 100 543 GH14 1.62 86 400
D15 1.61 164 580 GH15 1.49 81 427
D16 1.39 51 507 GH16 1.33 76 373
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BD BD BD IR IR IR PR PR PR
May2013 Jun.2014 Jun.2015 May.2013 Jun.2014 Jun.2015 May2013 Jun.2014 Jun.2015
Sample (gm/cm?) (gm/cm?) (gm/cm®) (mm/hr) (mm/hr) (mm/hr) (Ncm?) (Ncm?) (Ncm?)
MHF1 1.57 1.51 33 11 223 380
MHF2 1.68 1.45 35 8 213 387
MHF3 1.62 1.40 22 8 223 460
MHF4 1.64 1.39 59 6 213 480
MHF5 1.58 80 493
MHF6 1.57 70 420
MHF7 1.56 57 497
MHF8 1.54 84 440
MHF9 1.55 76 520
MHF10 1.60 59 360
MHF11 1.52 9 460
MHF12 1.63 38 427
MHF13 1.52 57 453
MHF14 1.55 57 533
MHF15 1.54 52 370
MHF16 1.66 56 360
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APPENDI X C Location of cover crop sampling and chemical
analysis

Figure C1 Map of location of sampling Radish cosep
Figure C2 Photographs of Oilseed radish cover sevppling

Table C1 Chemical analysis of Oilseed Radish coxap for leaf and
root
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Figure C1 Map of location of sampling Radish coumep on 229 January 2014
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Figure C2 Photographs of Oilseed radish cover sewppling in January 2014
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Table C1 Chemical analysis of Oilseed Radish cowap Raphanus sativisampled on 2% January 2014 for leaf (top) and root (bottom)

C:N Total Dry Total Dry Total Fresh Sward
Sample Total N Total P Total K Total Mg Total S aoC Ratio Matter Weight Weight Weight height Cover
name % wiw mg/kg mg/kg mg/kg mg/kg % il % g g dbynw? g (mm) %
D1 3.61 2734 27960 957 5893 36.9 10.2 9.9 49.9 6199. 506 470 90
D2 3.62 3285 28335 1005 6116 40.4 11.2 8.6 50.5 202 587 280 75
D3 2.76 3767 36442 1110 5861 31.8 11.5 9.8 94.6 4378 966 360 90
D4 3.17 3116 30133 1154 6179 33.3 10.5 9.2 80.7 .8322 875 315 95
FH1 2.89 3526 34471 1159 8423 39.1 13.5 9.2 47.3 9.218 519 310 80
FH2 2.25 2903 29104 1100 5308 39.8 17.7 10.4 85.6 42.43 822 540 85
FH3 2.13 2984 25979 1104 4922 32.6 15.3 11.4 69.7 78.82 609 305 70
FH4 3.28 4079 30467 1372 7492 36.4 11.1 8 24.6 98.4 307 155 30
GH1 4.11 4858 33946 1191 7013 38.2 9.3 7.3 19.6 4 78. 267 175 30
GH2 2.61 2683 24905 876 6128 41.2 15.8 9.8 58 232 92 5 325 85
GH3 2.73 2798 22355 857 5323 35 12.8 11.2 41 164 5 36 230 75
GH4 254 2723 26507 802 5781 355 14 10.8 59.9 6239. 553 285 65
MH1 2.86 3145 28673 973 7096 41.7 14.6 10.4 425 0 17 410 295 30
MH2 2.68 3411 22795 1088 6523 415 15.5 6.8 42 168 616 385 40
MH3 3.14 3320 30777 1113 6248 41.8 13.3 9.9 63.5 4 25 644 335 50
MH4 3.04 3262 27903 1158 7620 39 12.8 9.2 61.6 L46. 670 305 85
MHF1 3.43 3941 30388 1017 7209 35.5 10.4 8.4 29.9 19.61 355 250 40
MHF2 3.3 3391 32130 967 6672 39.5 12 9.3 51.5 206 52 5 315 60
MHF3 3.25 4027 30130 908 7532 40.5 12.4 9.3 294 7.61 318 153 50
MHF4 4.72 3739 30506 971 7820 39.6 8.4 7.5 103 412 1369 470 95
SF1 2.74 3464 27591 879 7161 42.5 15.5 9.1 56.1 4224 613 455 75
SF2 2.7 3189 27380 940 7162 44.4 16.4 10 51.6 206.4 516 450 40
SF3 25 2826 27884 832 5994 43.1 17.3 9.2 45.5 182 497 344 35
SF4 2.57 2659 24164 826 6131 42.5 16.6 9.7 64.4 .6257 666 375 75
Swi1i 3.52 4799 44972 1143 6566 40.2 11.4 7.5 51.3 5.220 685 365 80
SwW2 3.22 3806 37991 1085 7411 41 12.7 7.8 52 208 5 66 370 70
SW3 2.9 3709 32600 1033 6558 42.3 14.6 7.9 28.3 2113 360 280 50
Sw4 35 3651 31802 1098 8542 42.3 12.1 8.8 19.6 4 78. 222 240 25
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Dry Total Dry Total Fresh
SAMPLE Total N Total P Total K Total Mg Total S BHC Matter Weight Total Dry Weight Weight
NAME % wiw mg/kg mg/kg mg/kg mg/kg % % g g dry w?m g
D1 3.23 3624 36217 1815 6933 39.3 8.6 9 36 105
D2 2.68 3637 27497 1603 5650 41.7 9.9 11.8 47.2 120
D3 2.67 8966 46158 1531 8106 40.5 8.7 10.2 40.8 117
D4 3.09 4680 35580 1663 7906 42.4 8.1 13.6 54.4 169
FH1 1.77 6305 32230 1382 6404 42.2 10.9 20.5 82 189
FH2 1.68 6206 36634 1637 7583 43.3 11.3 17.1 68.4 52 1
FH3 1.68 6640 35749 1497 7254 40.6 11.5 16.3 65.2 41 1
FH4 3.01 5607 33664 1805 8653 411 9.2 12.4 49.6 5 13
GH1 3.78 8183 53035 1916 8740 39.1 7.3 9.2 36.8 126
GH2 1.57 6779 32878 1514 6268 42.2 11.6 17.5 70 151
GH3 1.71 7740 34107 1772 6672 41.5 12.4 16.4 65.6 32 1
GH4 1.9 6698 39930 1292 6658 43 10.5 16.7 66.8 159
MH1 1.46 5950 32317 1419 6012 43.9 12.3 13.9 55.6 13 1
MH2 1.38 7143 26477 1635 6906 44.7 13.5 18.2 72.8 34 1
MH3 1.77 5907 33515 1188 6515 42.3 11 29 116 264
MH4 1.74 6183 30676 1309 6458 43.8 11.2 15.8 63.2 41 1
MHF1 3.05 5748 33405 1390 6608 41.2 10.9 10.5 42 .6 96
MHF2 1.96 6334 38954 1560 6804 42.8 10.2 12 48 118
MHF3 2.06 8422 35556 1268 6303 42.8 111 14.5 58 0 13
MHF4 3.92 5855 51330 1842 8097 37.6 6.7 13.6 54.4 03 2
SF1 1.98 8189 42354 1683 8815 42.9 8.8 10.2 40.8 5 11
SF2 1.18 7274 30257 1387 4854 45 13.8 235 94 170
SF3 1.24 6117 31384 1184 4790 43.2 11.7 16.5 66 141
SF4 1.26 6572 36439 1580 6070 41.4 11.2 30 120 267
Swi 2.26 9772 43939 1523 6657 42.2 8.4 11.6 46.4 8 13
SW2 1.74 5799 36719 1146 7069 43.2 10.1 18.8 75.2 86 1
SW3 1.66 7022 34600 1535 6544 43.5 10.8 10.4 41.6 6.8 9
Sw4 3.16 6835 42193 2004 8123 41.7 9.8 10.9 43.6 1 11
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APPENDI X D Drain photographsand drain data

Figure D1 Location map of drains

Table D1 coordinates of drains

Figure D2 photographs of drains

Table D2 Drain flow rates data

Table D3 Dissolved nitrate concentration in drains
Table D4 Ammonium concentration in drains
Table D5 Nitrite concentration in drains

Table D6 pH values of drain samples

Table D7 Weekly rainfall data
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Figure D1 Map of field drain network and locatiafsampled drains (indicated by red circles)

Table D1 Coordinates of drains

Drain name Latitude (N) Longitude (E)

D1 52.78508 1.119731
D2 52.78497 1.118388
D3 52.78428 1.114691

D4 52.78617 1.122198
D5 52.78732 1.128453

D6 52.78724 1.127815

D7 52.78427 1.113755
D8 52.78577 1.108775
D9 52.78615 1.107704
D10 52.78661 1.105097
D11 52.79221 1.115068
D13 52.78365 1.114363
D16 52.78169 1.117516
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Figure D2.1 photos of field drain of D1, D2, D3dab4
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Figure D2.2 photos of field drain of D5
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D10, DM13, and D16

Figure D2.3 photos of field drain of D9
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03/04/2013
09/04/2013
16/04/2013
23/04/2013
30/04/2013
07/05/2013
14/05/2013
21/05/2013
28/05/2013
04/06/2013
11/06/2013
18/06/2013
25/06/2013
02/07/2013
09/07/2013
16/07/2013
23/07/2013
30/07/2013
06/08/2013
13/08/2013
20/08/2013
27/08/2013
03/09/2013
10/09/2013
17/09/2013
24/09/2013
01/10/2013
08/10/2013
15/10/2013
22/10/2013
29/10/2013
05/11/2013
12/11/2013
19/11/2013
26/11/2013
03/12/2013
10/12/2013
17/12/2013
07/01/2014
14/01/2014
21/01/2014
28/01/2014
04/02/2014

Table D2 Drain flow rates data

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow
(Lsh) (Lsh (Lsh) (Lsh) (Lsh) (Lsh (Lsh) (Lsh) (Lsh) (Lsh (LsY) (Lsh) (LsYH)

0.125 0.036 0.005 0.115 0.081 0.024 0.124 0.075

0.192 0.036 0.005 0.118 0.077 0.029 30.01 0.018 0.105 0.071

0.145 0.040 0.003 0.114 0.081 0.027 50.00 0.071 0.063

0.088 0.035 0.092 0.061 0.016 0.049 0.043

0.062 0.037 0.082 0.058 0.010 0.025 0.028

0.050 0.039 0.079 0.055 0.014 0.023 0.021

0.055 0.044 0.072 0.058 0.014 0.017 0.016

0.041 0.047 0.065 0.052 0.007 0.010

0.062 0.046 0.113 0.052 0.035 0.054 02m. 0.017

0.033 0.030 0.067 0.039 0.008 0.005

0.023 0.034 0.050 0.030

0.011 0.033 0.034 0.027

0.005 0.029 0.023 0.010

0.003 0.029 0.017 0.020

0.020 0.005 0.015
0.015
0.014
0.014
0.022
0.025
0.029
0.005 0.034 0.008
0.032 0.007
0.033 0.009

0.011 0.046 0.023 0.007

0.012 0.037 0.018 0.005

0.007 0.033 0.013 0.005

0.009 0.029 0.010

0.024 0.068 0.065

0.039 0.108 0.120 0.010 0.024 0.201 01%. 0.008 0.016

0.085 0.094 0.007 0.089 0.011 0.031  80.17 0.044 0.238 0.078 0.040

0.062 0.071 0.079 0.011 0.027 0.124 920.0 0.150 0.190 0.036 0.040

0.217 0.101 0.018 0.137 0.022 0.075  10.24 0.283 0.511 0.426 0.260 0.193

0.152 0.083 0.008 0.101 0.019 0.048 60.10 0.271 0.168 0.101 0.070

0.248 0.082 0.012 0.105 0.022 0.053  70.14 0.062 0.416 0.256 0.159 0.092

0.134 0.072 0.088 0.024 0.039 0.054 3%.0 0.202 0.111 0.044 0.041

0.059 0.060 0.070 0.015 0.015 0.009 17.0 0.066 0.057 0.016

0.043 0.066 0.006 0.017 0.013 0.032 0660. 0.048 0.011

0.398 0.078 0.049 0.156 0.030 0.036 30.62 0.701 0.729 0.402 0.279 0.595 0.246

0.585 0.077 0.042 0.174 0.065 0.078 00.47 0.461 0.628 0.471 0.279 0.595 0.333

0.679 0.077 0.039 0.183 0.082 0.100 30.39 0.342 0.578 0.506 0.279 0.594 0.376

0.773 0.076 0.035 0.193 0.100 0.121 60.31 0.222 0.528 0.541 0.594 0.420

0.711 0.088 0.028 0.182 0.085 0.112 90.19 0.119 0.558 0.520 0.139 0.324 0.469
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11/02/2014
18/02/2014
25/02/2014
04/03/2014
11/03/2014
18/03/2014
01/04/2014
15/04/2014
29/04/2014
13/05/2014
27/05/2014
10/06/2014
24/06/2014
08/07/2014
22/07/2014
05/08/2014
19/08/2014
02/09/2014
16/09/2014
30/09/2014
07/10/2014
14/10/2014
21/10/2014
28/10/2014
04/11/2014
11/11/2014
18/11/2014
25/11/2014
02/12/2014
09/12/2014
16/12/2014
06/01/2015
13/01/2015
20/01/2015
27/01/2015
03/02/2015
10/02/2015
17/02/2015
24/02/2015
03/03/2015
10/03/2015
17/03/2015
24/03/2015
31/03/2015

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow Flow
(Lsh) (Lsh (Lsh (Lsh (Lsh (Lsh (Lsh (Lsh (Lsh) (Lsh (Lsh (Lsh) (LsH

1.055 0.085 0.060 0.309 0.125 0.243 00.45 0.196 0.710 0.682 0.286 0.733 0.781

0.691 0.082 0.048 0.199 0.173 0.119 10.22 0.104 0.462 0.424 0.130 0.267 0.358

0.427 0.081 0.017 0.188 0.106 0.057 40.06 0.053 0.250 0.195 0.028 0.102 0.219

0.487 0.078 0.022 0.197 0.112 0.066 00.16 0.083 0.251 0.179 0.058 0.253 0.248

0.221 0.070 0.033 0.115 0.092 0.031 90.00 0.028 0.126 0.137 0.009 0.056

0.192 0.071 0.020 0.111 0.097 0.027 50.00 0.032 0.064 0.115 0.052

0.268 0.074 0.029 0.136 0.088 0.033  80.04 0.041 0.040 0.143 0.058

0.162 0.072 0.029 0.107 0.061 0.021  80.04 0.041 0.040 0.072 0.034

0.057 0.070 0.078 0.034 0.008 0.001 0.010

0.080 0.093 0.088 0.045 0.013 0.055 2120 0.012

0.393 0.083 0.026 0.073 0.029 0.022 760.1 0.693 0.050

0.277 0.085 0.012 0.073 0.022 0.013  (00.01 0.036 0.243 0.025

0.084 0.054 0.033 0.019 0.022

0.042 0.048 0.018 0.017 0.007

0.059 0.045 0.016 0.016 0.010

0.020 0.034 0.011

0.029 0.042 0.018

0.031 0.053 0.023

0.031 0.066 0.021

0.032 0.080 0.018

0.047 0.060 0.035 0.005

1.508 0.177 0.078 0.045 0.127 1.119 384 0.503 0.057

0.377 0.124 0.016 0.042 0.010 0.032 50.08 0.042 0.291 0.050 0.012

0.209 0.099 0.005 0.042 0.008 0.029 70.03 0.209

0.137 0.090 0.025 0.011 0.013 0.090

0.252 0.116 0.020 0.043 0.016 0.058 50.13 0.066 0.380 0.022 0.024

1.170 0.159 0.118 0.058 0.033 0.176 20.47 0.260 0.855 0.336 0.092 0.460 0.145

2.351 0.170 0.207 0.058 0.046 0.234 70.56 0.247 0.827 0.442 0.713

0.719 0.130 0.066 0.047 0.044 0.088 20.13 0.078 0.491 0.386 0.090 0.213 0.181

0.271 0.117 0.019 0.024 0.038 0.042 20.04 0.034 0.190 0.149 0.028 0.039

0.416 0.119 0.026 0.031 0.044 0.048  80.07 0.066 0.238 0.205 0.020 0.063 0.060

0.450 0.119 0.042 0.034 0.065 0.059  60.08 0.070 0.293 0.251 0.026 0.119 0.178

1.009 0.188 0.213 0.053 0.099 0.151  00.59 0.431 0.602 0.487 0.287 0.808

0.450 0.127 0.032 0.042 0.067 0.056  50.06 0.044 0.291 0.222 0.091 0.116

0.477 0.124 0.046 0.043 0.073 0.061  9.10 0.077 0.288 0.230 0.133 0.118

1.138 0.150 0.116 0.065 0.086 0.132  (00.26 0.186 0.658 0.513 0.222 0.405

0.536 0.126 0.038 0.065 0.068 0.064  50.08 0.073 0.290 0.202 0.032 0.129

0.222 0.102 0.009 0.033 0.065 0.024 150.0 0.158 0.111

0.666 0.118 0.059 0.058 0.071 0.069 20.16 0.124 0.326 0.284 0.050 0.205 0.185

0.414 0.112 0.028 0.079 0.057 0.078  50.07 0.089 0.234 0.195 0.100 0.112

0.197 0.097 0.006 0.032 0.067 0.023  80.00 0.125 0.093 0.028

0.184 0.079 0.024 0.046 0.016 0.059 0.065 0.016

0.154 0.078 0.029 0.043 0.010 0.035 0.065 0.013

0.202 0.078 0.025 0.045 0.068 0.032 50.08 0.119 0.057 0.174 0.054

207



Table D3 Dissolved nitrate concentration in drains

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NOs NOs NO3 NOs NOs NO3 NOs NOs NO3 NOs NOs NO3 NOs
(mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L)
03/04/2013 8.99 2.33 5.79 3.22 10.71 6.99 11.81 12.12
09/04/2013 8.75 2.26 5.18 3.31 10.87 6.91 6.91 3.43 11.61 12.15
16/04/2013 8.44 1.96 5.38 3.11 11.20 7.32 2.32 12.30 11.59
23/04/2013 8.61 1.88 3.59 11.67 8.28 13.27 11.26
30/04/2013 7.59 1.58 3.26 11.39 7.89 13.05 9.88
07/05/2013 7.34 1.56 3.16 11.20 6.78 13.04 9.36
14/05/2013 7.24 1.81 3.75 11.34 6.93 12.85 8.13
21/05/2013 5.34 1.22 2.89 10.32 11.68 6.13
28/05/2013 5.10 2.13 3.92 11.10 7.01 8.29 11.95 6.31
04/06/2013 4.35 1.35 3.68 10.04 6.62 4.39
11/06/2013 3.66 0.86 3.48 9.35
18/06/2013 2.43 0.80 3.92 8.81
25/06/2013 1.32 0.46 4.27 8.65
02/07/2013 1.28 0.48 4.96 7.78
09/07/2013 0.48 6.76 7.25
16/07/2013 0.44
23/07/2013 0.37
30/07/2013 0.30
06/08/2013 0.30
13/08/2013 0.36
20/08/2013 0.35
27/08/2013 0.97 0.40 0.50
03/09/2013 0.42 0.47
10/09/2013 0.33 0.41
17/09/2013 1.12 1.37 1.40 4.07
24/09/2013 0.87 0.62 0.65 3.61
01/10/2013 0.88 0.68 0.62 3.22
08/10/2013 0.87 0.70 0.61
15/10/2013 3.37 3.55 1.72 7.90
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NOs NOs NO3 NOs NOs NO3 NOs NOs NO3 NOs NOs NO3 NOs
(mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L)

22/10/2013 2.17 2.66 1.37 6.94 5.00 11.85 6.21 14.04 19.88
31/10/2013 7.60 1.85 2.50 1.16 8.79 4.71 12.95 19.08 6.13 11.98 17.72
05/11/2013 5.93 1.23 1.04 8.82 3.70 12.03 19.09 6.09 12.03 17.09 6.62
12/11/2013 8.37 0.87 1.32 0.90 9.83 4.39 12.25 19.51 4.15 14.33 19.47 4.17
19/11/2013 7.22 0.91 0.49 1.14 10.50 4.37 11.75 4.55 12.92 18.00 3.32
26/11/2013 5.90 0.70 0.94 1.45 12.26 3.66 12.51 17.89 3.96 13.87 18.66 2.75
02/12/2013 5.05 0.60 1.87 12.27 3.22 11.70 17.11 4.35 12.64 18.12 2.80
10/12/2013 4.18 0.42 1.84 12.28 3.01 10.53 16.93 4.61 10.19 2.63
17/12/2013 3.60 0.46 2.11 11.29 2.86 8.96 4.26 8.68 3.77
07/01/2014 3.85 0.58 2.40 1.57 13.98 2.65 7.48 15.34 2.32 13.52 4.57 16.33 1.48
14/01/2014 3.12 0.40 2.07 1.29 13.38 1.62 7.15 16.81 1.96 13.92 3.25 14.95 1.53
21/01/2014 3.49 0.55 1.76 1.72 12.44 1.96 6.88 16.47 1.73 13.96 3.76 13.98 2.66
29/01/2014 3.60 1.04 3.18 1.91 12.60 2.10 6.00 14.33 1.47 14.25 12.76 2.95
04/02/2014 3.51 0.53 2.79 2.02 12.80 2.27 5.12 14.20 1.13 13.82 3.76 11.15 2.88
11/02/2014 3.41 0.59 3.17 2.33 12.70 2.84 4.17 11.46 0.94 12.50 3.73 9.37 3.08
18/02/2014 3.79 1.24 2.83 2.49 14.48 3.42 3.95 12.43 0.90 13.14 3.92 8.42 3.56
25/02/2014 3.77 0.83 1.93 231 13.72 2.57 3.25 11.48 0.80 12.93 4.43 7.94 3.70
04/03/2014 3.87 0.96 1.99 1.92 13.87 2.61 3.17 10.60 0.43 12.13 4.14 6.88 3.29
11/03/2014 3.71 1.04 2.78 2.42 13.10 3.12 2.35 12.21 1.39 12.40 5.20 3.89
18/03/2014 4.06 1.33 3.35 2.48 13.74 3.22 1.12 11.28 1.52 12.29 4.04
31/03/2014 3.99 1.29 3.37 2.17 13.92 3.19 2.00 10.90 2.02 11.78 3.85
15/04/2014 3.53 1.46 2.63 12.82 3.97 10.11 5.07
29/04/2014 3.06 1.03 1.99 11.64 3.79 9.77 4.87
13/05/2014 2.73 2.08 1.85 10.58 3.03 11.85 16.78 6.08
27/05/2014 3.88 1.50 3.33 2.39 9.68 3.55 11.24 37.42 5.37
10/06/2014 5.22 1.89 3.41 3.25 11.45 1.14 5.88 8.46 24.00 6.99
24/06/2014 3.57 0.56 1.70 8.42 14.34
08/07/2014 2.97 0.35 1.51 7.63 9.69
22/07/2014 3.08 0.35 1.19 8.01 6.78
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NOs NOs NO3 NOs NOs NO3 NOs NOs NO3 NOs NOs NO3 NOs
(mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L)

06/08/2014 2.66 0.13 4.99
19/08/2014 2.40 0.27 0.33
02/09/2014 1.78 0.33 0.24
16/09/2014 1.68 0.37 0.22
30/09/2014 1.38 0.27 0.19
07/10/2014 1.66 0.36 0.23 3.57
14/10/2014 11.08 11.40 15.91 8.74 10.21 10.84 21.68 10.74 10.17
21/10/2014 6.85 3.70 6.04 4.06 7.44 6.52 6.51 9.74 19.99 8.16 6.70
28/10/2014 5.73 3.36 5.69 3.31 7.57 6.17 5.79 16.58
04/11/2014 5.03 2.33 2.67 4.76 5.64 15.10 7.21
11/11/2014 6.38 4.99 5.90 4.47 6.61 8.02 4.90 8.48 15.76 3.24 7.24
18/11/2014 9.43 10.91 7.46 8.10 8.84 12.93 4.82 7.07 20.13 3.82 7.65 7.25 8.81
25/11/2014 10.73 12.00 7.26 7.81 12.32 14.11 4.00 5.60 5.80 8.96 5.73
01/12/2014 9.41 7.75 7.18 5.60 14.56 13.30 4.16 6.14 15.83 4.64 7.64 6.22 8.07
09/12/2014 7.79 6.28 6.43 4.54 14.84 11.60 3.87 5.69 15.70 3.79 7.01 6.20 6.44
16/12/2014 7.97 6.88 6.66 4.47 15.98 11.98 3.35 5.05 15.22 4.21 7.40 6.21 5.68
06/01/2015 7.33 7.95 6.73 4.55 15.99 12.97 2.70 5.52 15.14 4.20 7.94 5.77 5.38
13/01/2015 6.98 10.36 6.25 4.10 14.11 12.01 2.22 1.48 12.51 4.54 8.08 5.48
20/01/2015 6.63 7.46 5.72 3.93 14.76 11.81 2.41 2.15 12.14 3.37 4.69 3.80
26/01/2015 6.47 7.89 6.04 4.18 14.62 11.89 2.50 2.08 12.12 3.95 5.54 3.25
03/02/2015 6.17 8.22 5.00 4.33 14.39 11.08 2.02 1.22 10.04 3.03 7.65 5.17
10/02/2015 5.49 7.07 5.15 3.93 14.24 11.23 2.00 1.29 9.26 2.42 7.33 4.61 2.70
17/02/2015 4.17 5.33 4.49 2.83 13.55 10.30 1.15 8.74 2.00 2.44
24/02/2015 4.75 4.33 4.35 3.52 13.85 9.73 1.63 0.91 6.99 2.49 6.97 4.54 1.82
03/03/2015 4.23 5.26 4.22 3.14 13.92 8.99 1.48 0.89 6.19 2.17 4.12 1.64
10/03/2015 3.58 4.23 3.60 2.44 13.23 7.81 1.56 6.46 1.61 2.03
17/03/2015 3.23 3.68 2.31 12.87 7.03 6.66 1.41 2.00
24/03/2015 3.11 3.22 2.46 12.30 6.32 6.72 1.36 1.89
31/03/2015 3.41 3.20 4.04 2.21 12.96 5.70 3.08 4.62 6.05 7.21 13.06
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Table D4 Ammonium concentration in drains

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa
(Mg N/L)  (ugN/L)  (wgN/L)  (ugN/L)  (gN/L)  (ugN/L)  (pgN/L)  (wgN/L)  (ngN/L)  (ugN/L)  (ngN/L)  (gN/L)  (ng N/
03/04/2013 0 1 1 1 11 4
09/04/2013 7 5 6 7 5 15 6 6 5 5
16/04/2013 6 5 8 7 19 17 12 6 9
23/04/2013 7 5 8 7 17 2 3
30/04/2013 4 5 6 10 21 6 4
07/05/2013 4 3 9 3 9 5 4
14/05/2013 4 3 5 6 9 4 19
21/05/2013 0 0 2 2 5
28/05/2013 1 1 2 1 3 0 3 1
04/06/2013 7 12 5 7 7 7
11/06/2013 7 6 4 5
18/06/2013 4 7 4 3
25/06/2013 1 1 1 1
02/07/2013 12 6 5 6
09/07/2013 8 7 8
16/07/2013 8
23/07/2013 6
30/07/2013 8
06/08/2013 5
13/08/2013 8
20/08/2013 5
27/08/2013 21 12 11
03/09/2013 19 18
10/09/2013 10 11
17/09/2013 6 10 12 9
24/09/2013 16 12 16 18
01/10/2013 6 4 3 6
08/10/2013 6 5 5
15/10/2013 5 4 6 7
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa
(Mg N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (gN/L)  (ugN/L)  (pgN/L)  (ugN/L) (g N/L)  (ugN/L)  (ngN/L)  (ugN/L)  (ngN/L)

22/10/2013 12 10 11 9 11 11 14 9 9
31/10/2013 2 0 0 3 4 4 0
05/11/2013 0 1 2 0 2 1 1
12/11/2013 6 10 3 6 5 6 4
19/11/2013 2 2 1 2 2 2 3
26/11/2013 12 13 10 13 15 13 16 12 13 11 11 12
02/12/2013 0 0 0 0 0 0 0 0 0 0 0
10/12/2013 11 13 11 11 12 12 18 13 11 20
17/12/2013 7 9 5 4 9 6 9 13 13
07/01/2014 14 11 0 14 1
14/01/2014 15 16 15 20 18 16 15 16 16 15 15 15 17
21/01/2014 34 29 36 22 13 25 17 15 18 14 47 15 81
29/01/2014 19 9 16 16 10 20 9 8 10 7 6 28
04/02/2014 20 17 21 19 20 22 17 17 18 16 24 16 39
11/02/2014 16 15 21 17 17 19 17 17 17 17 21 15 35
18/02/2014 11 14 10 10 11 9 13 11 12 11 40
25/02/2014 9 9 7 8 6 4 7 7 5 5 24
04/03/2014 21 18 19 21 19 20 17 18 23 69 23 20 27
11/03/2014
18/03/2014 20 21 20 21 21 21 21 21 21 20 22
31/03/2014 15 15 22 14 14 14 14 15 16 15 12
15/04/2014 0 0 0 0
29/04/2014 7 8 13 6
13/05/2014 24 23 24 24 23 27 23 24
27/05/2014 174
10/06/2014 0 17 1
24/06/2014 0 0
08/07/2014 0 0
22/07/2014 3 94
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa NHa
(Mg N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (gN/L)  (ugN/L)  (pgN/L)  (ugN/L) (g N/L)  (ugN/L)  (ngN/L)  (ugN/L)  (ngN/L)
06/08/2014 44 2
19/08/2014 3 8
02/09/2014 6
16/09/2014 24 10 18
30/09/2014
07/10/2014
14/10/2014 6 23 5 6 5 11 7 12
21/10/2014 1 1 2 7
28/10/2014 2 3 1 3 4 4 5 4
04/11/2014 2 0 20 0
11/11/2014 17 4 7 0 26 6 3 4 4
18/11/2014 5 3 1 5 0 8
25/11/2014 6
01/12/2014
09/12/2014 5 5 3 18 4 3 5 6 2 191 3 4
16/12/2014 0 9
06/01/2015 16 8 0 0 2 1 0
13/01/2015 18 6 0 12
20/01/2015 1
26/01/2015 15 4
03/02/2015
10/02/2015 2
17/02/2015 6 5 25 5 11 8 5 5 6
24/02/2015 14 7 13 18 1 0 1
03/03/2015 10 3 25 8 7 91 36 8 3 0 2
10/03/2015 14 0 3 1 11 16 37 3
17/03/2015 3 3 3 7 3 5
24/03/2015 1 2 6 2 1 1
31/03/2015 15 37 13 14 33 8 29 181 17 119 305
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Table D5 Nitrite concentration in drains

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NO: NO: NO2 NO2 NO2 NO: NO: NO: NO2 NO2 NO2 NO: NO:
(Mg N/L)  (ugN/L)  (wgN/L)  (ugN/L)  (gN/L)  (ugN/L)  (pgN/L)  (wgN/L)  (ngN/L)  (ugN/L)  (ngN/L)  (gN/L)  (ng N/
03/04/2013 0.8 0.6 5.4 0.7 0.5 12.4 0.1 3.9
09/04/2013 1.0 0.8 3.4 0.9 0.9 7.5 14 2.2 1.0 3.1
16/04/2013 0.8 0.6 1.0 0.6 0.7 35 2.6 1.2 2.7
23/04/2013 2.4 14 2.0 1.5 3.6 0.9 3.8
30/04/2013 0.6 0.2 0.8 0.9 2.2 0.5 4.1
07/05/2013 0.4 2.4 0.5 0.7 2.0 0.1 5.6
14/05/2013 0.9 0.2 0.3 0.6 1.2 1.2 4.2
21/05/2013 0.1 1.1 3.1
28/05/2013 0.1 0.2 1.2 0.6 23
04/06/2013 0.5 0.6 6.0 9.2 0.7 2.4
11/06/2013 0.3 42.3
18/06/2013 0.8 0.0 0.6 0.4
25/06/2013 0.9 0.8
02/07/2013 2.1 4.2
09/07/2013 0.2
16/07/2013 0.7
23/07/2013 0.5
30/07/2013 5.6
06/08/2013 3.1
13/08/2013 1.6
20/08/2013 3.0
27/08/2013 18.9 9.0 7.7
03/09/2013 7.5 7.1
10/09/2013 0.6 0.6
17/09/2013 1.0 0.7 1.0 0.8
24/09/2013 1.2 0.8 1.1 1.2
01/10/2013 1.6 1.2 13 1.5
08/10/2013 2.2 2.1 1.7
15/10/2013 1.9 1.8 1.4 2.1
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NO: NO: NO2 NO2 NO2 NO: NO: NO: NO2 NO2 NO2 NO: NO:
(Mg N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (gN/L)  (ugN/L)  (pgN/L)  (ugN/L)  (ugN/L)  (ugN/L)  (ngN/L)  (ugN/L)  (ngN/L)

22/10/2013 15 1.7 1.6 1.6 13 1.2 1.7 1.2 11
31/10/2013 1.2 14 1.0 1.3 23 1.2 1.2 11 1.1 13 2.8
05/11/2013 2.2 2.5 2.2 2.9 1.9 3.1 1.8 1.7 1.6 1.6 1.7
12/11/2013 2.4 2.4 1.5 2.0 1.5 2.1 1.7 2.5 1.4 1.6 15 1.9
19/11/2013 2.0 1.8 2.1 2.1 1.6 2.1 3.1 2.1 4.3 2.1 2.3
26/11/2013 2.4 14 1.5 1.5 13 15 1.2 15 1.7 1.6 14 1.6
02/12/2013 1.2 14 1.0 1.1 13 11 1.2 1.1 1.6 0.9 1.7
10/12/2013 3.5 33 3.7 9.5 3.4 3.7 3.6 3.4 3.5 4.7
17/12/2013 15 1.7 1.6 2.6 1.0 0.9 1.0 1.0 2.4
07/01/2014 2.0 0.0 0.3 0.6 1.2 0.2 0.3 1.1 2.2 2.9
14/01/2014 5.8 5.9 6.2 5.7 6.6 6.2 5.8 6.2 5.9 5.9 6.6 6.6 7.2
21/01/2014 6.1 6.3 6.6 6.3 8.5 6.2 21.0 6.2 6.4 6.5 6.5 6.7 8.0
29/01/2014 0.1 0.7 2.5 5.1 2.9
04/02/2014 53 4.8 5.0 4.9 4.7 4.9 4.6 4.9 4.7 4.8 53 5.0 6.1
11/02/2014 2.0 2.1 2.2 1.4 1.8 1.6 2.0 14 1.4 2.1 0.9 0.5 2.3
18/02/2014 2.3 1.9 2.5 1.9 2.1 2.2 2.3 2.2 23 23 2.5 2.3 3.1
25/02/2014 14 1.7 13 1.3 1.8 13 13 1.0 35.0 1.4 1.5 2.6 6.2
04/03/2014 0.9 0.7 0.9 0.7 0.9 0.9 2.8 0.7 10.3 1.5 1.1 4.8 7.3
11/03/2014 1.2 1.0 2.9 1.7 1.6 14 13 1.9 3.2 1.9 3.1 2.8
18/03/2014 11.1 11.1 13.1 11.9 11.0 14.0 10.7 11.0 14.9 12.4 13.3
31/03/2014 8.0 8.1 11.7 8.8 7.6 8.2 9.5 9.3 8.3 8.2 7.9
15/04/2014 0.8 1.0 0.3 1.1 0.0 0.0 0.5
29/04/2014 10.3 4.9 5.4 4.3 6.1 6.6 7.0
13/05/2014 4.6 4.6 4.8 4.9 4.7 5.0 7.5 4.9
27/05/2014 1.7 0.8 1.4 1.0 3.0 11 3.7 42.8 1.9
10/06/2014 1.7 0.5 1.3 2.1 2.4 1.8 1.7 2.1 14.2 15
24/06/2014 2.9 2.1 2.1 2.4 7.8
08/07/2014 1.0 0.0 0.0 1.2 0.0
22/07/2014 0.5 0.3 0.2 1.0 1.2
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16
Date NO: NO: NO2 NO2 NO2 NO: NO: NO: NO2 NO2 NO2 NO: NO:
(Mg N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (gN/L)  (ugN/L)  (pgN/L)  (ugN/L)  (ugN/L)  (ugN/L)  (ngN/L)  (ugN/L)  (ngN/L)

06/08/2014 6.3
19/08/2014
02/09/2014
16/09/2014 1.6 1.9 1.5
30/09/2014
07/10/2014 1.5
14/10/2014 7.9 4.5 1.3 1.2 7.6 19.7 9.7 5.4 3.6
21/10/2014 3.1 3.5 4.0 4.4 10.4 4.2 5.1 5.4 7.2 43 6.8
28/10/2014 3.0 2.6 2.9 3.1 2.6 3.6 4.4 2.1
04/11/2014 13 4.0 4.0 7.1 2.4 1.8 2.9
11/11/2014 0.7 0.7 8.3 13 0.4 0.6
18/11/2014 4.4 6.5 7.0 1.9 6.4 3.7 6.0 3.1 2.7 2.2 23 0.8 8.7
25/11/2014 3.9 2.6 3.3 2.6 4.2 4.2 1.8 0.9 0.5 0.3 1.0
01/12/2014 1.2 1.9 3.4 1.7 3.9 2.6 1.2 1.6 7.9 1.5 1.0 15 0.7
09/12/2014 2.1 5.8 3.1 53 5.6 2.2 1.7 2.8 1.5 1.5 84.2 11 0.4
16/12/2014 1.8 15 4.2 5.4 4.5 2.9 2.3 3.2 7.3 3.2 2.4 3.8 2.5
06/01/2015 1.0 1.2 2.9 0.5 3.2 0.7 0.3 1.7 2.5 0.9 0.8 0.9 2.9
13/01/2015 11 0.9 2.0 1.0 2.9 1.6 1.7 6.3 1.2 1.2 0.9 13.0
20/01/2015 0.9 2.0 2.7 13 2.9 1.7 11 15 0.9 2.6 0.2 14
26/01/2015 3.1 2.4 4.2 3.3 0.9 6.0 2.8 2.8 1.4 1.0 1.2
03/02/2015 0.9 1.0 1.2 3.7 24.2 1.0 0.7 0.9 0.7 0.2 0.6 0.7
10/02/2015 11 14 1.8 1.5 5.1 11 0.8 13 0.8 2.9 1.7 2.0 1.2
17/02/2015 3.7 3.1 4.0 2.4 3.6 2.6 2.8 2.5 3.5 2.5
24/02/2015 4.1 2.5 4.7 2.7 4.8 5.0 2.4 2.8 2.8 2.5 2.5 2.9 3.0
03/03/2015 5.2 4.7 7.7 4.2 10.0 6.4 4.0 53 4.7 3.9 4.6 6.8
10/03/2015 3.0 14 8.8 6.2 11.8 5.4 5.1 5.7 5.2 5.9
17/03/2015 16.5 17.1 15.9 20.0 18.4 17.0 15.3 18.1
24/03/2015 15.8 14.7 14.9 27.9 18.8 15.9 15.9 17.5
31/03/2015 22.0 21.7 29.5 23.0 59.2 21.2 68.7 149.0 24.5 182.0 67.6
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Table D6 pH values of drain samples

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 Dle

Date pH pH pH pH pH pH pH pH pH pH pH pH pH
03/04/2013 7.59 7.75 7.81 7.53 7.49 7.65 7.86 7.85
09/04/2013 7.65 7.76 793 777 776 788 796 795 811 8.09
16/04/2013 8.12 8.12 8.23 8.03 7.97 8.09 8.24 8.08 8.16
23/04/2013 7.99 7.98 7.96 7.95 8 8 8.15
30/04/2013 7.6 7.58 771  7.71 7.92 793 8.15
07/05/2013 7.64 7.73 7.74 759 7.79 7.89 8.04
14/05/2013 7.84 7.8 7.79 7.74 7.72 8.07 8.08
21/05/2013 7.83 7.86 7.79 7.81 8.1 8.12
28/05/2013 7.68 7.73 7.73 763 772 784 8 7.99
04/06/2013 7.73  7.69 7.72 7.77 794 7.95
11/06/2013 7.81 7.6 7.52 7.59
18/06/2013 7.84 7.79 7.74 7.85
25/06/2013  8.12 8 793 7091
02/07/2013 8.03 7.79 7.79 7.76
09/07/2013 8.08 839 371
16/07/2013 8.29
23/07/2013 7.85
30/07/2013 8.03
06/08/2013 7.63
13/08/2013 7.61
20/08/2013 8.15
27/08/2013 8.03 7.83 7.87
03/09/2013 8.13 8.14
10/09/2013 8.23 8.13
17/09/2013 8 8.01 7.94 8
24/09/2013 7.99 7.9 7.9 8.02
01/10/2013 8.12 8.03 8.01 8.13
08/10/2013 8.04 7.95 7.98
15/10/2013 7.93 7.81 7.83 7.92
22/10/2013 7.95 7.87 7.85 791 806 8.13 8.22 8.8 8.18
31/10/2013 7.94 793 831 793 799 802 812 791 814 8.15 8.18
05/11/2013 8.16 8.23 8.13 841 8.27 822 825 842 824 8.27 8.17
12/11/2013 795 7.96 7.86 7.91 8.25 8.09 8.07 806 815 8.04 8.05 8.04
19/11/2013 8.09 8.12 8.11 812 825 819 86 8.11 8.16 8.11 8.09
26/11/2013 7.83 793 807 784 793 811 806 799 806 813 8.09 8.07
02/12/2013 7.59 7.52 764 759 77 766 7.7 766 781 7.87 7.98
10/12/2013  8.08 8 798 794 814 81 809 802 8.13 8.06
17/12/2013 8 7.91 7.89 809 804 775 794 79 7.91
07/01/2014 7.81 7.9 7.64 8 817 79 766 792 794 775 799 8.07 8.28
14/01/2014 7.75 7.78 7.84 7.74 766 768 774 7.86 771 792 787 792 7.66
21/01/2014 8.01 811 838 802 803 805 821 821 815 829 82 811 83
29/01/2014 7.14 666 6.22 556 7.08 7.07 7.69 7.48 525 4.86 6.07 4.92
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 Dle

Date pH pH pH pH pH pH pH pH pH pH pH pH pH
04/02/2014 7.7 769 7.97 766 753 772 793 777 781 78 775 78 796
11/02/2014 7.81 7.84 783 795 8.02 818 814 79 805 794 798 7.76 8.02
18/02/2014 8.06 8.06 8.11 7.96 7.98 8 8.18 81 812 812 801 807 8.22
25/02/2014 7.91 797 819 7.86 7.85 8 8.26 8.07 8.14 813 806 814 8.26
04/03/2014 8.13 81 806 812 788 807 804 825 817 815 805 813 8.11
11/03/2014 7.67 7.67 7.72 7.63 76 777 79 801 7.86 8.12 8.37 824
18/03/2014 7.49 7.52 7.66 7.48 741 76 7.83 779 7.67 8 7.96
31/03/2014 732 737 735 738 73 743 741 757 749 7.9 7.65
15/04/2014 6.94 7.17 7.05 7.04 757 7.51 7.91
29/04/2014 7.17 7.15 721 7.28 7.34 7.58 7.99
13/05/2014 7.53 7.69 7.79 7.84 7.87 7.64 7.64 7.81
27/05/2014 7.56 7.58 757 7.6 7.66 791 7.73 7.53 8.17
10/06/2014 806 79 7.81 7.79 841 7.81 8 7.84 7.92 7.88
24/06/2014 8.05 8.15 8.11 8.09 8.06
08/07/2014 7.38 7.34 749 75 7.56
22/07/2014 7.34 7.53 7.48 7.35 7.86
06/08/2014 7.57 7.67 7.81
19/08/2014 7.56 7.68 7.75
02/09/2014 7.52 7.52 7.49
16/09/2014 7.86 7.98 7.98
30/09/2014 7.63 7.64 7.65
07/10/2014 7.66 7.75 7.64 7.65
14/10/2014 7.5 756 755 743 783 763 76 7.51 7.96
21/10/2014 768 7.76 7.86 7.77 771 796 785 7.86 7.8 7.79 7.83
28/10/2014 7.64 749 743 775 793 79 755 7.66
04/11/2014 7.72 7.93 7.71  7.77 7.95 791 79
11/11/2014 591 598 5.88 6.31 6.47 611 6.08 593 619 5.77 5.88
18/11/2014 6.12 6.22 598 6.17 6.26 6.81 7.18 659 655 673 676 7.06 6.35
25/11/2014 6.95 7.75 7.02 791 768 737 6.61 784 7.64 8.04 647
01/12/2014 5.49 577 5.05 515 7.07 542 455 626 519 582 736 543 567
09/12/2014 6.43 654 52 675 599 546 636 526 727 635 567 59 571
16/12/2014 796 8.02 7.99 7.89 78 791 786 7.89 793 799 783 785 812
06/01/2015 8.06 8 8 794 785 791 815 796 806 804 7.99 797 817
13/01/2015 7.67 7.77 7.77 7.82 7.6 77 774 794 788 785 78 7.78
20/01/2015 8.06 8.03 7.83 8 854 852 799 795 802 8.04 7.95 7.95
26/01/2015 7.76 777 7.9 777 7.7 79 786 7.79 785 793 791 8.12
03/02/2015 7.61 771 7.7 774 755 773 763 782 782 787 768 78
10/02/2015 7.89 7.97 8.09 835 798 8.06 811 802 811 81 815 812 824
17/02/2015 7.61 7.62 7.79 7.72 7.62 7.88 771 7.73 797 8.24
24/02/2015 754 7.73 787 78 776 783 7.82 7.88 792 803 7.82 7.92 812
03/03/2015 7.94 802 809 805 795 804 81 814 805 825 8.11 8.34
10/03/2015 7.75 7.74 795 7.68 7.65 799 7.97 7.77 8.01 8.29
17/03/2015 7.95 7.96 8.08 7.82 8.16 8.01 8.19 8.61
24/03/2015 7.92 7.95 799 7.76 8.2 8.15 8.18 8.21
31/03/2015 7.59 7.65 7.79 7.62 752 787 7.73 774 784 772 7.69
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Weekly rainfall

Table D7 Weekly rainfall data
Weekly rainfall

Weekly rainfall

DATE (mm) DATE (mm) DATE (mm)
03/04/2013 0 02/12/2013 3.8 05/08/2014 0
09/04/2013 0.6 10/12/2013 2 12/08/2014 35.6
16/04/2013 8 17/12/2013 7.8 19/08/2014 4.8
23/04/2013 2.2 24/12/2013 26 26/08/2014 17.8
30/04/2013 6.6 31/12/2013 7.6 02/09/2014 7.2
07/05/2013 0.2 07/01/2014 22.2 09/09/2014 0.4
14/05/2013 10.6 14/01/2014 17.2 16/09/2014 1.4
21/05/2013 19.2 21/01/2014 10.6 23/09/2014 1.4
28/05/2013 27.2 29/01/2014 23 30/09/2014 14.4
04/06/2013 0.4 04/02/2014 14.6 07/10/2014 15.8
11/06/2013 0.2 11/02/2014 38.8 14/10/2014 54
18/06/2013 11.8 18/02/2014 17 21/10/2014 10.2
25/06/2013 5.2 25/02/2014 2.6 28/10/2014 7.6
02/07/2013 9 04/03/2014 16 04/11/2014 2.4
09/07/2013 0.8 11/03/2014 1 11/11/2014 23.4
16/07/2013 0.2 18/03/2014 0.6 18/11/2014 23.8
23/07/2013 0.6 25/03/2014 9.4 25/11/2014 30.8
30/07/2013 9.2 31/03/2014 19.6 01/12/2014 10.4
06/08/2013 31.2 08/04/2014 10.4 09/12/2014 9.4
13/08/2013 2.6 15/04/2014 0.4 16/12/2014 10
20/08/2013 10.4 22/04/2014 6.2 23/12/2014 13.4
27/08/2013 24.6 29/04/2014 8.2 30/12/2014 31.4
03/09/2013 0.2 06/05/2014 3 06/01/2015 5.6
10/09/2013 16.2 13/05/2014 33.4 13/01/2015 16.8
17/09/2013 414 20/05/2014 0 20/01/2015 7
24/09/2013 2.4 27/05/2014 61.8 26/01/2015 8.4
01/10/2013 0.2 03/06/2014 314 03/02/2015 22.8
08/10/2013 2.8 10/06/2014 18.2 10/02/2015 5.8
15/10/2013 68.6 17/06/2014 0.2 17/02/2015 3.8
22/10/2013 17.6 24/06/2014 1.2 24/02/2015 17
31/10/2013 29.2 01/07/2014 41.4 03/03/2015 9.8
05/11/2013 8.6 08/07/2014 7.4 10/03/2015 14
12/11/2013 27.6 15/07/2014 47.8 17/03/2015 1.4
19/11/2013 7.2 22/07/2014 18.2 24/03/2015 3.4
26/11/2013 18.6 29/07/2014 0.6 31/03/2015 23.6
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APPENDI X E Porous pot data

Figure E1 Map of locations of installed porous pots
Table E1 Coordinates of installed porous pots
Table E2 Dissolved nitrate concentration in porpots

Table E3 Ammonium concentration in porous pots
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Figure E1 Map of locations of installed porous pots

Table E1 Coordinates of installed porous pots

Sample name

Latitude (N)

Longitude (E)

FH11
FAR9
MHF14
MHF8
SF9
FAR10
P8
MH14
GH6

52.78767175
52.79275454
52.77783005
52.77983962
52.78867188
52.79228331
52.78868931
52.78992497
52.78370334

1.11636238
1.10917096
1.11490695
1.11686764
1.121014
1.11070124
1.11183573
1.11521406
1.12251244
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Table E2 Dissolved nitrate concentration in porpots
Feb2014 Apr2014 Feb2015 Feb2014 Apr2014 Feb2015 Feb2014 Apr2014 Feb2015
Sample ID NO3 NOs NO3 Sample ID NOs NO3 NOs sample ID NOs NO3 NOs
(mgN/L)  (mgN/L)  (mgN/L) (mgN/L)  (mgN/L)  (mgN/L) (mgN/L)  (mgN/L)  (mgN/L)
FAR10-P1 12.13 11.41 24.92 FAR9-P1 16.82 17.13 0.44 P8-P1 10.71 6.95 18.02
FAR10-P2 11.36 10.40 0.68 FAR9-P2 11.68 16.37 0.78 P8-P2 9.98 9.03 13.25
FAR10-P3 15.64 5.54 FAR9-P3 4.73 11.35 P8-P3 16.66 5.25
FAR10-P4 11.03 22.27 0.16 FAR9-P4 19.82 7.35 P8-P4 19.73 14.04 7.90
FAR10-P5 26.89 0.30 FAR9-P5 18.03 22.24 9.39 P8-P5 8.64 11.37 10.10
FAR10-P6 22.29 FAR9-P6 18.16 19.27 3.88 P8-P6 3.29 7.09
FAR10-P7 20.85 24.11 22.74 FAR9-P7 23.47 12.60 20.56 P8-P7 8.49 9.41
FAR10-P8 18.15 9.87 9.27 FAR9-P8 24.47 3.19 2.68 P8-P8 8.61 7.90
FAR10-P9 14.92 12.95 FAR9-P9 21.08 11.71 48.03 P8-P9 2.20 3.60
FAR10-P10 21.44 21.68 18.76 FAR9-P10 17.41 P8-P10 21.17 18.88
MHF8-P1 0.38 0.18 MHF14-P1 0.58 3.33 12.58 GH6-P1 0.73 0.01 12.30
MHF8-P2 0.29 2.23 0.38 MHF14-P2 0.07 3.11 14.16 GH6-P2 0.57 0.03 34.71
MHF8-P3 0.23 2.23 4.58 MHF14-P3 0.35 3.31 10.01 GH6-P3 1.26 6.17 31.13
MHF8-P4 0.04 12.60 MHF14-P4 0.24 1.90 13.98 GH6-P4 0.34 10.44
MHF8-P5 0.35 5.92 41.23 MHF14-P5 3.13 0.84 GH6-P5 1.18 19.93
MHF8-P6 0.57 3.69 2.21 MHF14-P6 0.12 4.27 0.36 GH6-P6 1.22 19.14
MHF8-P7 0.29 2.67 5.46 MHF14-P7 0.01 3.36 7.77 GH6-P7 3.45
MHF8-P8 0.20 0.01 0.12 MHF14-P8 0.24 2.24 0.43 GH6-P8 1.26
MHF8-P9 0.36 0.01 MHF14-P9 0.26 2.34 22.72 GH6-P9 3.04
MHF8-P10 0.16 0.01 MHF14-P10 0.01 3.13 26.23 GH6-P10 0.63 3.34
SF9-P1 1.05 1.90 15.74 FH11-P1 0.33 0.71 3.83 MH14-P1 0.60 8.29 1.16
SF9-P2 0.33 3.87 13.86 FH11-P2 0.36 0.38 0.72 MH14-P2 0.40 1.85 0.22
SF9-P3 0.60 2.46 11.44 FH11-P3 0.07 1.00 2.89 MH14-P3 0.51 0.72
SF9-P4 2.76 8.62 FH11-P4 0.21 1.87 0.76 MH14-P4 0.32 0.68 2.10
SF9-P5 0.50 2.36 16.89 FH11-P5 0.74 5.27 0.18 MH14-P5 0.27 1.22 1.44
SF9-P6 0.27 2.98 19.69 FH11-P6 0.66 4.85 10.68 MH14-P6 1.04 0.52
SF9-P7 0.47 2.65 43.10 FH11-P7 MH14-P7 0.42 4.89
SF9-P8 0.06 3.52 15.21 FH11-P8 0.61 5.18 MH14-P8 0.43
SF9-P9 0.36 2.38 FH11-P9 MH14-P9 0.38
SF9-P10 FH11-P10 0.39 MH14-P10 0.66
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Table E3 Ammonium concentration in porous pots

Feb2014 Apr2014 Feb2015 Feb2014 Apr2014 Feb2015 Feb2014 Apr2014 Feb2015
Sample ID NHa NHa NHa sample ID NHa NHa NHa Sample [D NHa NHa NHa
(pg N/L) (g N/L) (pg N/L) (g N/L) (pg N/L) (Hg N/L) (pg N/L) (g N/L) (pg N/L)
FAR10-P1 13 FAR9-P1 15 P8-P1 38
FAR10-P2 FAR9-P2 15 P8-P2 6
FAR10-P3 FAR9-P3 P8-P3
FAR10-P4 0 FAR9-P4 106 P8-P4 5
FAR10-P5 33 38 FAR9-P5 36 P8-P5 4
FAR10-P6 FAR9-P6 0 P8-P6
FAR10-P7 19 119 FAR9-P7 222 P8-P7
FAR10-P8 FAR9-P8 19 P8-P8 19
FAR10-P9 FAR9-P9 39 P8-P9 21
FAR10-P10 92 FAR9-P10 15 P8-P10 5 20
MHF8-P1 MHF14-P1 12 GH6-P1 12
MHF8-P2 8 2 MHF14-P2 GH6-P2 7
MHF8-P3 MHF14-P3 GH6-P3 30
MHF8-P4 MHF14-P4 5 GH6-P4
MHF8-P5 MHF14-P5 GH6-P5 32
MHF8-P6 MHF14-P6 20 GH6-P6 101
MHF8-P7 4 MHF14-P7 47 50 GH6-P7 10
MHF8-P8 645 7 MHF14-P8 GH6-P8 16
MHF8-P9 8 MHF14-P9 7 GH6-P9 144
MHF8-P10 MHF14-P10 GH6-P10 0
SF9-P1 FH11-P1 86 MH14-P1
SF9-P2 4 43 FH11-P2 MH14-P2 8
SF9-P3 64 290 FH11-P3 10 301 MH14-P3
SF9-P4 FH11-P4 49 10 41 MH14-P4 0 190
SF9-P5 37 20 154 FH11-P5 MH14-P5 16 93
SF9-P6 FH11-P6 29 MH14-P6 32
SF9-P7 25 516 FH11-P7 MH14-P7 0
SF9-P8 FH11-P8 55 MH14-P8 2
SF9-P9 8 463 FH11-P9 MH14-P9 3
SF9-P10 FH11-P10 MH14-P10 5
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APPENDI X F Riverine data

Figure F1 Location map of stream samplings

Table F1 Coordinates of stream sampling sites

Table F2 Nitrate concentration in stream samples
Table F3 Ammonium concentration in stream samples
Table F4 Nitrite concentration in stream samples

Table F5 Flow and inorganic and organic N fluxesitt A
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Figure F1 Location map of stream samplings (A, Bad M) (indicated by orange square)

Table F1 Coordinates of stream sampling sites

Sample name

Latitude (N)

Longitude (E)

A

B
E
M

52.78767175

52.79275454

52.77783005
52.784268

1.11636238
1.10917096
1.11490695
1.11686764
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Table F2 Nitrate concentration in stream samples

A B E M A B E M A B E M
Date NOs NOs NOs NOs Date NOs NOs NOs NOs Date NOs NOs NOs NOs
(mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L) (mg N/L)
03/04/2013 8.20 9.70 7.71 8.85 24/09/2013 3.48 8.03 4.88 0.46 22/07/2014 2.52 6.49 3.71 0.74
09/04/2013 8.25 8.95 7.47 8.59 01/10/2013 3.73 8.53 5.14 0.73 19/08/2014 2.37 5.94 3.44 0.55
16/04/2013 3.43 6.98 6.94 7.04 08/10/2013 3.85 8.04 5.06 0.53 16/09/2014 2.49 6.10 3.51 0.45
23/04/2013 7.16 9.56 7.01 6.43 15/10/2013 6.47 9.54 6.77 7.96 30/09/2014 2.47 5.82 3.40 0.42
30/04/2013 5.28 9.17 6.16 4.98 22/10/2013 3.93 9.33 4.99 4.45 07/10/2014 2.37 6.16 3.34 0.49
07/05/2013 3.97 9.20 5.76 3.10 31/10/2013 10.84 13.81 11.38 13.05 14/10/2014 22.54 7.10 19.72 24.05
14/05/2013 4.23 9.31 4.94 2.89 05/11/2013 6.03 9.59 6.35 7.66 21/10/2014 8.37 5.97 6.90 9.58
21/05/2013 3.31 8.16 5.09 1.36 12/11/2013 8.79 9.92 8.49 10.49 28/10/2014 6.24 6.50 5.47 7.23
28/05/2013 4.52 8.67 5.62 4.17 19/11/2013 8.65 10.33 8.29 9.84 04/11/2014 5.26 7.07 4.92 5.25
04/06/2013 3.61 8.75 5.36 2.21 26/11/2013 10.35 11.47 9.64 12.22 11/11/2014 7.74 6.53 6.59 8.61
11/06/2013 3.11 8.30 5.08 1.62 02/12/2013 8.54 10.53 7.92 10.49 18/11/2014 10.96 6.44 9.06 11.43
18/06/2013 3.12 8.47 5.19 0.91 10/12/2013 6.54 9.74 6.74 8.01 25/11/2014 11.26 6.54 9.70 11.69
25/06/2013 3.71 9.02 5.67 0.63 14/01/2014 10.04 9.37 9.60 11.80 01/12/2014 9.56 6.91 8.32 10.62
02/07/2013 3.48 8.74 5.50 0.54 21/01/2014 9.77 8.78 8.88 10.78 06/01/2015 8.00 7.04 7.50 8.87
09/07/2013 3.95 9.00 5.91 0.46 29/01/2014 10.59 8.88 9.66 11.93 13/01/2015 7.35 6.95 6.72 7.48
16/07/2013 4.03 8.87 5.57 0.39 04/02/2014 10.65 8.84 9.61 11.25 20/01/2015 8.31 6.80 7.21 8.56
23/07/2013 431 8.58 5.42 0.36 11/02/2014 8.64 7.38 8.13 9.03 26/01/2015 7.51 7.29 6.99 7.98
30/07/2013 4.13 8.92 5.46 0.34 18/02/2014 9.18 7.83 8.30 10.11 03/02/2015 8.64 6.73 7.50 8.90
06/08/2013 3.12 7.84 4.63 0.18 25/02/2014 8.23 7.95 7.55 9.35 10/02/2015 8.44 6.89 7.19 8.80
13/08/2013 3.76 8.79 5.34 0.49 04/03/2014 6.73 7.32 6.43 7.46 17/02/2015 6.59 7.12 5.91 6.84
20/08/2013 3.92 8.27 5.11 0.39 11/03/2014 7.79 8.54 7.06 8.48 24/02/2015 4.54 6.37 4.23 6.46
27/08/2013 4.03 8.39 5.01 0.36 18/03/2014 7.56 8.22 6.93 8.43 03/03/2015 6.31 6.78 6.08 7.04
03/09/2013 3.77 7.87 4.89 0.46 31/03/2014 5.95 7.54 6.07 7.26 10/03/2015 5.83 7.07 5.52 6.21
10/09/2013 2.12 8.04 4.74 0.43 29/04/2014 4.20 7.08 4.74 4.75 17/03/2015 5.64 7.03 5.45 5.30
17/09/2013 3.45 8.36 5.07 0.55 27/05/2014 11.20 5.85 9.02 12.69 24/03/2015 5.10 6.83 5.18 5.28
24/06/2014 5.25 6.99 4.58 6.23 31/03/2015 5.44 6.12 5.22 6.08
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Table F3 Ammonium concentration in stream samples

A B E M A B E M A B E M
Date NH4 NHa NHa NH4 Date NHa NHa NHa NHa Date NH4 NH4 NH4 NH4
(Mg N/L)  (pgN/L)  (ugN/L)  (pgN/L) (g N/L) (g N/L) (g N/L) (pg N/L) (pg N/L) (pg N/L) (1 N/L) (pg N/L)
03/04/2013 91 13 56 5 24/09/2013 38 31 30 32 24/06/2014 115 18 21 21
09/04/2013 133 16 65 13 01/10/2013 21 22 25 21 22/07/2014 7 1 15
16/04/2013 173 15 87 17 08/10/2013 5 5 19/08/2014 7 4 79 11
23/04/2013 187 15 86 20 15/10/2013 202 48 16/09/2014 36 18 36 38
30/04/2013 281 20 90 19 22/10/2013 108 28 22 17 30/09/2014 6
07/05/2013 346 18 101 23 31/10/2013 46 8 07/10/2014 103 5 17 2
14/05/2013 446 27 60 27 05/11/2013 14/10/2014 47 13 21 7
21/05/2013 386 34 99 19 12/11/2013 71 16 24 21/10/2014 82 19 53 5
28/05/2013 152 11 54 16 19/11/2013 39 14 9 28/10/2014 66 7 4
04/06/2013 335 21 66 29 26/11/2013 51 23 17 18 04/11/2014 25 10 1
11/06/2013 290 46 48 39 02/12/2013 0 0 0 0 11/11/2014 53 19 21 4
18/06/2013 154 19 27 64 10/12/2013 79 28 23 20 18/11/2014 26 16 3
25/06/2013 9% 19 33 73 14/01/2014 64 30 41 21 25/11/2014 25 4
02/07/2013 55 19 107 58 21/01/2014 84 28 54 23 01/12/2014 26 7
09/07/2013 48 21 33 56 29/01/2014 30 34 31 15 06/01/2015 68 8 39 8
16/07/2013 33 25 26 54 04/02/2014 61 33 48 23 13/01/2015 39 8 40 5
23/07/2013 32 27 28 58 11/02/2014 39 32 41 22 20/01/2015 14 12
30/07/2013 39 36 60 40 18/02/2014 47 28 45 19 26/01/2015 41 26
06/08/2013 35 33 50 31 25/02/2014 69 28 66 18 17/02/2015 57 13 28 11
13/08/2013 19 30 22 28 04/03/2014 71 28 54 27 24/02/2015 14 8
20/08/2013 18 26 29 29 11/03/2014 107 11 59 03/03/2015 5 4 14 10
27/08/2013 11 21 26 21 18/03/2014 94 19 36 20 10/03/2015 79 4 13
03/09/2013 37 39 43 38 31/03/2014 88 23 56 17 17/03/2015 144 9 58 30
10/09/2013 175 33 98 21 29/04/2014 170 19 73 22 24/03/2015 252 6 62 6
17/09/2013 19 16 24 14 27/05/2014 169 10 70 13 31/03/2015 266 6 138 280
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Table F4 Nitrite concentration in stream samples

A B E M A B E M A B E M
Date NO: NO2 NO2 NO: Date NO: NO: NO: NO: Date NO: NO: NO: NO:
(Mg N/L)  (pgN/L)  (ugN/L)  (ugN/L) (pg N/L) (pg N/L) (pg N/L) (g N/L) (pg N/L) (pg N/L) (pg N/L) (pg N/L)

03/04/2013 12.5 12.9 12.9 7.2 01/10/2013 26.3 19.9 228 4.0 19/08/2014 14.4 1.9 13.9 1.5
09/04/2013 15.1 15.3 14.6 7.7 08/10/2013 29.5 225 18.1 5.8 16/09/2014 36.2 12.5 14.9 7.8
16/04/2013 20.9 17.7 21.5 11.1 15/10/2013 82.6 19.2 52.8 29.7 30/09/2014 27.5 12.9 15.6 3.7
23/04/2013 23.0 14.4 205 10.7 22/10/2013 112.4 24.9 44.1 15.0 07/10/2014 61.4 7.9 27.2 53
30/04/2013 21.1 13.0 18.4 6.5 31/10/2013 43.6 18.8 34.9 13.9 14/10/2014 35.5 19.0 423 24.9
07/05/2013 37.8 13.3 26.7 7.6 05/11/2013 63.1 19.7 34.6 30.8 21/10/2014 98.1 19.6 56.2 27.1
14/05/2013 36.3 11.1 27.2 5.1 12/11/2013 43.8 17.9 44.9 11.5 28/10/2014 120.9 19.6 31.4 19.5
21/05/2013 48.4 14.0 31.2 55 19/11/2013 40.2 19.4 35.3 11.1 04/11/2014 96.3 14.8 20.8 8.4
28/05/2013 325 12.7 23.7 6.9 26/11/2013 29.2 16.3 25.8 8.4 11/11/2014 62.3 15.3 33.4 9.8
04/06/2013 63.9 11.4 31.4 8.5 02/12/2013 50.4 20.2 42.5 10.9 18/11/2014 39.4 16.9 29.2 13.6
11/06/2013 83.0 10.5 35.4 6.2 10/12/2013 65.1 23.6 46.2 23.0 25/11/2014 18.6 17.8 223 11.0
18/06/2013 127.5 9.7 37.8 7.0 14/01/2014 18.0 18.8 20.7 9.9 01/12/2014 25.2 17.9 28.1 11.5
25/06/2013 102.6 8.6 38.4 7.7 21/01/2014 19.5 19.1 24.2 11.3 06/01/2015 13.8 17.6 15.7 6.8
02/07/2013 71.5 8.5 30.8 4.1 29/01/2014 8.1 14.6 11.1 5.6 13/01/2015 17.9 18.7 16.8 9.7
09/07/2013 47.8 7.9 21.3 3.2 04/02/2014 14.5 15.3 15.9 8.7 20/01/2015 11.9 13.1 9.8 4.1
16/07/2013 38.7 12.5 20.6 4.1 11/02/2014 9.8 9.3 10.3 5.6 26/01/2015 10.4 15.2 12.1 5.0
23/07/2013 46.8 20.7 30.1 5.6 18/02/2014 10.8 10.0 12.2 5.7 03/02/2015 5.6 8.6 6.4 5.7
30/07/2013 41.5 30.1 43.8 6.1 25/02/2014 14.2 13.3 16.8 7.8 10/02/2015 55 8.1 6.4 2.3
06/08/2013 44.0 28.6 49.5 71 04/03/2014 9.9 9.9 9.2 5.0 17/02/2015 11.4 14.4 11.5 5.8
13/08/2013 20.8 26.2 19.7 4.8 11/03/2014 12.5 11.7 14.9 5.9 24/02/2015 9.0 16.6 14.2 6.4
20/08/2013 22.4 25.7 23.8 4.2 18/03/2014 34.6 20.2 329 18.0 03/03/2015 15.5 13.9 16.0 7.8
27/08/2013 37.9 52.7 46.6 10.3 31/03/2014 21.3 13.9 21.7 12.5 10/03/2015 21.0 13.0 19.4 9.5
03/09/2013 35.8 324 38.0 11.8 29/04/2014 21.6 53.6 10.3 28.9 17/03/2015 65.8 33.7 54.5 33.9
10/09/2013 65.1 27.7 42.1 3.2 27/05/2014 49.6 6.7 46.2 10.6 24/03/2015 71.4 33.7 60.0 29.5
17/09/2013 25.2 19.3 21.9 2.4 24/06/2014 133.4 12.5 61.1 14.4 31/03/2015 102.0 31.8 93.7 119.3
24/09/2013 25.2 21.8 23.2 3.4 22/07/2014 48.8 37.0 24.2 226
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Table F5 Flow and inorganic and organic N fluxesita A

flow flux flow flux flow flux
Date m3sec! (kg N atha?) Date m3 sec? (kg N at ha?) Date m3sec! (kg N at ha?)

03/04/2013 0.0304 11571.44 15/10/2013 0.0113 2761.77 22/07/2014 0.0073 971.50

09/04/2013 0.0306 11502.82 22/10/2013 0.0094 1485.16 19/08/2014 0.0094 1245.04
16/04/2013 0.0318 12816.36 29/10/2013 0.0437 16496.13 16/09/2014 0.0161 2041.07
23/04/2013 0.0174 4230.68 05/11/2013 0.0296 6888.98 30/09/2014 0.0083 1104.58
30/04/2013 0.0198 4520.75 12/11/2013 0.0369 12707.37 07/10/2014 0.0141 2143.25
07/05/2013 0.0198 3940.04 19/11/2013 0.0339 11406.98 14/10/2014 0.0949 82929.56
14/05/2013 0.0416 6467.66 26/11/2013 0.0437 17047.38 21/10/2014 0.0384 13587.22
21/05/2013 0.0416 7372.86 02/12/2013 0.0109 3598.98 28/10/2014 0.0231 6053.68
28/05/2013 0.0341 7506.14 10/12/2013 0.022 5640.53 04/11/2014 0.0255 5371.84
04/06/2013 0.0341 6118.90 17/12/2013 0.0087 1805.31 11/11/2014 0.0387 11789.48
11/06/2013 0.0341 5344.63 07/01/2014 0.0804 32403.62 18/11/2014 0.0741 29584.11
18/06/2013 0.0341 4935.98 14/01/2014 0.0747 36396.17 25/11/2014 0.108 45843.25
25/06/2013 0.0341 5215.58 21/01/2014 0.0622 26559.24 01/12/2014 0.0511 7171.13
02/07/2013 0.0341 5323.12 27/01/2014 0.169 71949.38 09/12/2014 0.039 12311.34
09/07/2013 0.0341 5398.40 27/01/2014 0.169 72642.23 16/12/2014 0.0496 15970.33
16/07/2013 0.0424 7060.03 29/01/2014 0.169 69391.18 06/01/2015 0.0553 18154.42
23/07/2013 0.0424 6859.46 04/02/2014 0.0856 38035.70 13/01/2015 0.1172 35592.66
30/07/2013 0.0424 7340.82 11/02/2014 0.1533 56224.87 20/01/2015 0.0723 24761.37
06/08/2013 0.0424 6632.15 18/02/2014 0.091 31825.82 26/01/2015 0.0562 17581.45
13/08/2013 0.0424 6792.60 25/02/2014 0.0632 23199.40 03/02/2015 0.1297 42497.38
20/08/2013 0.0424 7086.77 04/03/2014 0.0531 14853.36 10/02/2015 0.0903 26796.86
27/08/2013 0.0181 2808.34 11/03/2014 0.0393 10398.27 17/02/2015 0.0903 24547.18
03/09/2013 0.0181 2973.88 18/03/2014 0.0252 6667.59 24/02/2015 0.0833 35279.92
10/09/2013 0.0181 2203.29 31/03/2014 0.0292 7882.49 03/03/2015 0.0556 15833.22
17/09/2013 0.0209 2965.96 29/04/2014 0.0324 5762.76 10/03/2015 0.0556 15026.65
24/09/2013 0.0428 6316.79 27/05/2014 0.04 17975.52 17/03/2015 0.0556 14220.09
01/10/2013 0.0428 6370.78 03/06/2014 0.0329 17191.95 24/03/2015 0.0556 14079.81
08/10/2013 0.0232 3255.78 24/06/2014 0.0267 5708.84 31/03/2015 0.0556 16008.56
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APPENDI X G Dissolved nitrous oxide data

Table G1 Dissolved nitrous oxide concentrationnamk and river
samples
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Table G1 Dissolved nitrous oxide {§Y) concentration in drain (D1-D16) and river (A-8Bmples

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16 A B E M
Date \P10} \P10} \P10} N0 N20 N20 N0 \P10} \P10} \P10} \P10} N20 N20 N20 N0 \P10} \P10}
(Mg N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (pgN/L) (g N/L)  (pgN/L)  (ugN/L)  (wgN/L)  (ugN/L)  (ugN/L)  (pgN/L)  (ugN/L)  (ugN/L)  (ugN/L) (g N/L)  (ug N/L)
03/04/2013 3.83 1.05 2.42 15.75 4.08 5.05 4.96 1.76 2.70 19.18 1.63 2.10 1.62 0.71
09/04/2013 3.63 1.07 2.72 15.37 437 5.00 4.05 1.56 3.11 18.46 1.90 2.19 1.73 0.70
16/04/2013 2.46 1.41 1.42 14.01 3.59 6.44 1.04 2.85 19.56 1.62 1.78 1.45 0.58
23/04/2013 2.54 1.55 15.24 3.41 473 2.60 20.65 1.22 1.48 1.38 0.57
30/04/2013 1.97 1.47 14.22 3.15 1.73 0.64 22.17 1.35 1.66 1.35 0.57
07/05/2013 1.97 1.87 13.19 3.52 5.19 1.37 13.48 1.52 1.38 1.32 0.48
14/05/2013 1.53 1.55 12.19 2.84 1.12 1.32 1.16 0.45
21/05/2013 1.42 1.57 11.69 2.77 1.07 1.24 1.12 0.42
28/05/2013 1.29 1.49 11.31 2.58 0.95 1.20 1.07 0.41
04/06/2013 1.30 1.70 12.51 2.26 2.60 0.92 1.11 1.03 0.41
11/06/2013 0.90 1.15 8.85 2.45 0.70 1.13 0.96 0.34
18/06/2013 0.61 1.00 6.58 1.86 0.72 1.03 0.95 0.31
25/06/2013 0.53 0.47 7.15 1.71 0.68 1.00 0.96 0.35
02/07/2013 0.45 0.43 6.12 1.55 0.78 1.12 1.02 0.34
09/07/2013 0.38 1.82 1.17 0.82 1.12 1.00 0.29
16/07/2013 0.36 0.92 1.02 0.99 0.30
23/07/2013 0.45 1.17 1.18 1.14 0.42
30/07/2013 0.41 1.25 1.27 1.34 0.35
06/08/2013 0.49 1.09 1.32 1.36 0.35
13/08/2013 0.51 0.97 1.10 1.02 0.37
20/08/2013 0.82 1.06 1.43 1.03 0.46
27/08/2013 3.33 1.09 1.42 1.13 0.44
03/09/2013 0.76 1.04 1.15 1.10 0.42
10/09/2013 0.89 1.07 1.23 1.11 0.53
17/09/2013 1.29 1.02 1.37 8.46 1.10 1.32 1.12 0.64
24/09/2013 1.08 0.88 0.97 0.92 1.24 1.11 0.45
01/10/2013 0.95 0.73 0.78 0.96 1.15 0.94 0.34
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16 A B E M
Date \P10} \P10} \P10} N0 N20 N20 N20 \P10} \P10} \P10} \P10} N20 N20 N20 N0 \P10} \P10}
(Mg N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (pgN/L) (g N/L)  (ugN/L)  (ugN/L)  (wgN/L)  (ugN/L) (g N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (ugN/L) (g N/L)  (pg N/L)
08/10/2013 0.98 0.64 0.68 0.89 1.24 0.98 0.57
15/10/2013 1.02 1.79 1.32 1.31 1.43 1.18 2.53
22/10/2013 0.96 1.42 1.26 3.45 3.35 0.87 0.72 1.08 1.85 1.27 0.88
29/10/2013 0.88 1.28 1.35 2.35 1.30 1.41 1.70 1.81 1.86 1.67
05/11/2013 0.81 1.14 1.43 1.34 1.74 431 2.10 2.37 2.62 1.51 1.06 1.74 1.32 0.99
12/11/2013 4.26 1.19 1.59 2.02 2.61 4.44 2.90 2.31 2.84 3.07 1.92 1.19 1.75 1.36 1.21
19/11/2013 4.75 1.18 1.53 2.60 2.85 1.52 3.16 2.40 2.80 2.05 1.99 1.56 2.01 1.72 1.28 1.66
26/11/2013 4.29 1.08 3.49 3.08 1.69 3.57 2.15 3.15 2.36 2.24 1.69 1.55 1.78 1.32 1.37
03/12/2013 3.83 0.97 4.38 3.31 1.86 3.98 1.90 3.50 2.66 2.50 1.83 1.09 1.84 1.37 1.08
10/12/2013 1.28 0.77 4.09 3.04 1.41 1.40 1.56 2.13 2.52 3.27 1.49 1.03 1.81 1.38 1.06
14/01/2014 6.78 0.86 1.81 3.41 4.67 2.85 3.50 1.52 3.32 3.42 4.04 2.35 1.07 1.45 1.07 1.19
21/01/2014 6.22 0.99 0.92 4.01 4.96 2.18 3.09 1.47 3.01 2.91 5.79 2.20 1.11 1.65 1.22 0.97
28/01/2014 6.36 0.80 1.37 2.65 5.82 2.43 2.66 1.12 2.71 2.65 4.28 1.71 0.99 1.41 1.19 1.03
04/02/2014 6.51 1.03 0.90 3.16 5.84 2.68 1.23 1.41 2.10 2.84 4.02 2.17 1.14 1.49 1.27 0.98
11/02/2014 7.47 1.36 1.14 3.29 6.85 3.61 1.50 1.08 1.57 3.03 8.78 5.32 2.64 1.23 1.72 1.29 0.86
18/02/2014 6.67 1.09 1.44 3.78 7.63 5.68 1.87 1.11 2.27 3.62 7.30 3.56 2.37 0.91 1.62 1.09 0.74
25/02/2014 5.95 1.20 0.57 4.63 6.28 2.65 2.12 0.64 1.41 2.86 7.44 1.81 1.48 0.84 1.54 1.07 0.55
04/03/2014 6.93 1.33 1.95 4.38 7.90 3.73 2.37 0.86 1.80 3.26 7.59 3.26 2.90 1.03 1.81 1.23 0.86
11/03/2014 5.34 1.21 8.74 5.94 6.88 4.30 1.49 1.01 1.51 2.08 0.71 1.46 1.14 2.08 1.32 0.69
18/03/2014 3.72 1.37 7.28 6.56 6.50 4.47 0.81 1.25 1.42 2.37 2.38 1.07 1.89 1.36 0.68
01/04/2014 5.25 1.47 12.42 6.52 7.90 5.12 2.92 1.70 2.54 4.39 4.01 1.19 1.85 1.50 0.92
15/04/2014 2.09 1.07 7.28 5.03 1.37 2.11 2.69 0.90
29/04/2014 2.48 0.94 5.45 3.97 3.48 2.31 4.19 0.85 0.91 1.20 1.19 0.49
13/05/2014 1.32 1.41 3.54 3.95 1.06 2.52 14.99 0.80
27/05/2014 5.95 1.55 10.34 4.77 3.93 1.63 7.85 1.25 1.38 1.60 1.45 1.87 1.65
10/06/2014 2.20 2.32 3.39 3.40 3.07 2.56 0.73 2.91 15.44 2.09
24/06/2014 2.92 1.08 5.01 2.37 29.62 1.77 1.21 1.53 0.73
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D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D13 D16 A B E M
Date \P10} \P10} \P10} N0 N20 N20 N0 \P10} \P10} \P10} \P10} N20 N20 N20 N0 \P10} \P10}
(Mg N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (pgN/L) (g N/L)  (ugN/L)  (ugN/L)  (wgN/L)  (ugN/L) (g N/L)  (ugN/L)  (ugN/L)  (ugN/L)  (ugN/L) (g N/L)  (pg N/L)

08/07/2014 2.31 1.02 3.95 2.69 16.29
22/07/2014 2.30 0.93 2.19 2.31 2.61 1.21 2.10 2.51 0.63
05/08/2014 2.13 1.38 1.69 2.20
19/08/2014 2.83 1.21 1.19 1.43 2.50 2.68 0.88
02/09/2014 2.14 1.16 0.84
16/09/2014 2.23 1.37 1.56 1.52 1.99 2.47 1.27
30/09/2014 2.22 2.03 1.07 1.41 2.49 2.14 0.74
07/10/2014 1.65 1.47 0.95 1.68 2.60 3.33 0.74
14/10/2014 6.20 436 6.67 4.63 7.04 3.55 2.45 6.26 4.68 7.28 7.10
21/10/2014 7.71 7.24 3.26 6.76 3.54 2.03 9.10 23.53 10.91 1.60 1.52 2.43 2.13 1.52
28/10/2014 6.01 4.50 0.71 5.23 2.39 3.24 1.74 20.22 6.26 1.00 2.19 2.99 0.92
04/11/2014 6.63 4.10 1.28 7.09 1.08 1.94 5.49 18.56 6.05 0.74 1.78 2.69 3.86 1.32
11/11/2014 7.25 4.44 1.84 9.05 0.87 3.79 3.42 16.91 5.84 1.28 2.86 2.86 1.87 2.75 2.30 1.38
18/11/2014  11.00 5.55 10.52 9.05 1.35 6.90 32.94 10.82 7.75 3.50 8.02 9.64 2.83 2.38 3.16 2.40 2.32
25/11/2014 9.99 5.48 9.28 7.67 4.55 7.86 31.26 11.65 12.33 5.29 13.17 8.78 2.22 3.13 3.57 2.74 3.10
02/12/2014 9.86 1.97 8.05 9.14 2.93 10.13 22.56 13.92 16.91 4.68 14.61 7.57 1.62 2.38 2.24 1.83 1.65
06/01/2015 9.34 3.63 3.42 8.54 9.02 9.88 2.61 34.37 13.17 4.62 11.69 6.75 2.78 2.15 2.89 2.44 1.85
13/01/2015 3.71 6.12 3.29 6.71 2.88 4.49 8.91 6.65 6.61 6.00 7.00 6.24 2.91 0.80 1.40 0.89 1.30
20/01/2015 2.26 4.14 3.30 434 4.55 4.14 9.19 431 5.29 4.07 8.59 3.10 3.05 2.14 1.86 1.99 1.25
27/01/2015 5.88 2.86 5.93 7.13 3.97 4.80 5.71 8.39 6.68 2.03 9.38 2.89 1.69 1.55 2.20 1.63 1.45
03/02/2015 9.83 4.06 8.75 8.34 7.56 7.66 11.32 8.31 8.06 2.64 10.18 6.58 2.43 1.56 2.03 1.62 1.68
10/02/2015 4.11 4.83 4.99 6.78 3.22 3.93 5.07 6.66 2.39 6.92 2.60 5.93 4.41 0.96 1.42 2.20 1.82
17/02/2015 3.64 5.16 2.70 6.84 8.09 3.13 5.00 5.41 10.64 4.07 3.64 4.30 2.55 0.99 1.52 1.93 1.41
24/02/2015 5.88 3.56 4.70 6.12 5.47 5.04 4.93 5.87 8.44 1.04 4.68 2.67 0.45 0.97 1.34 1.05 0.58
03/03/2015 5.45 2.25 1.78 19.53 5.32 4.08 2.61 6.82 11.84 1.36 1.57 1.42 0.95 1.95 1.62 0.91
10/03/2015 3.69 1.89 3.23 19.18 4.85 3.12 1.65 13.52 1.32 1.24 1.09 2.15 1.44 0.98
17/03/2015 4.62 2.02 4.00 14.56 7.36 3.75 2.35 13.47 1.67 1.04 1.19 2.23 1.64 0.84
24/03/2015 3.73 2.01 439 14.79 6.49 2.45 2.70 8.43 1.18 1.06 1.27 2.25 1.82 0.96
31/03/2015 2.79 2.38 4.77 14.27 21.42 4.09 3.04 6.97 5.94 3.92 3.38 1.15 2.00 1.44 0.97
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APPENDI X H Farm data

Table H1 Data of fertiliser applied
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Table H1 Data of fertiliser applied for 2012-20181&2013-2014 farm year in the mini-catchment A

N P K S N P K S
CROP Area fertilizer fertilizer fertilizer fertilizer CROP Area fertilizer fertilizer fertilizer fertilizer

Field name 2012-2013 (ha) kg N hat kg P ha! kg K hal kg S hat Field name 2013-2014 (ha) kg N hat kg P hat kg K ha? kg S hat

Green Yards Sugar Beet 11.3 128.4 0.0 132.6 22.2 | Green Yards Spring Barley Malt 11.4 150.4 24.4 92.7 11.5
Dunkirk Winter Wheat Feed 13.1 235.3 26.6 100.6 18.8 | Dunkirk Spring Beans Dried 12.9 30.2 30.3 57.4 14.4
Gatehouse Hyrne Spring Barley Malt 16.6 150.8 25.4 96.0 12.1 | Gatehouse Hyrne Spring Beans Dried 16.9 38.0 29.3 55.4 14.7
Swanbhills Spring Barley Malt 10.4 145.6 26.4 100.0 11.7 | Swanbhills Spring Beans Dried 10.6 26.3 26.4 50.0 12.6
Far Hempsky Spring Barley Malt 125 149.8 24.7 93.6 12.0 | Far Hempsky Spring Beans Dried 13.5 0.0 27.9 52.8 11.1
Church Spring Barley Malt 3.6 146.4 25.2 95.5 11.7 | Church Spring Beans Dried 3.6 0.0 29.9 56.6 11.9
First Hempsky Spring Barley Malt 13.8 150.4 25.6 96.7 12.0 | First Hempsky Spring Beans Dried 13.8 34.4 29.8 56.5 14.6
Moor Hall Fid Spring Barley Malt 18.6 151.1 26.2 99.0 12.1 | Moor Hall FId Spring Beans Dried 20.0 0.0 29.5 56.0 11.7
Georges Field B Winter Wheat Feed 14.0 210.0 26.9 78.2 0.0 | Georges Field B Spring Beans Dried 14.0 48.3 0.0 6.0 0.0
Merrisons Spring Beans Dried 40.7 0.0 30.6 30.6 12.1 | Merrisons Winter Wheat Feed 43.0 2229 0.0 0.0 17.8
Sapwells Winter Wheat Feed 12.9 236.1 0.0 0.0 18.9 | Sapwells Sugar Beet 12.7 111.6 0.0 137.3 19.7
Potash Winter Wheat Feed 25.9 240.7 24.1 91.2 19.3 | Potash Spring Beans Dried 26.0 0.0 28.0 53.0 11.7
Glebe Winter Wheat Feed 24.8 236.2 0.0 0.0 18.9 | Glebe Sugar Beet 25.4 108.5 0.0 133.2 19.2
Reepham Road Gardens Spring Barley Malt 43 148.6 24.1 109.9 11.7 | Reepham Road Gardens Winter Barley Malt 43 150.9 0.0 0.0 12.1
Beggar Hall Spring Beans Dried 13.1 0.0 0.0 0.0 0.0 | Beggars Hall Winter Wheat Feed 13.1 224.0 0.0 0.0 26.2
Reepham Road Gardens Spring Barley Malt 4.0 148.6 24.1 109.9 11.7 | Reepham Road Gardens Winter Barley Malt 3.9 169.6 0.0 0.0 13.6
Sapwells Winter Barley Malt 5.7 123.5 0.0 0.0 17.1 | Sapwells Winter Oilseed Rape 5.7 225.0 0.0 0.0 45.8
Reepham Road Gardens Spring Barley Malt 9.7 148.6 24.1 109.9 11.7 | Reepham Road Gardens Winter Barley Malt 9.7 150.5 0.0 0.0 12.0
17 Acres Winter Barley Malt 6.5 128.5 0.0 0.0 18.2 | 17 Acres Winter Oilseed Rape 6.5 225.0 0.0 0.0 45.8
Newlands Winter Oilseed Rape 8.0 326.2 87.2 98.7 50.1 | Newlands Winter Wheat Feed 8.0 241.5 0.0 0.0 19.3
Newlands Winter Oilseed Rape 7.8 326.2 87.2 98.7 50.1 | Newlands Winter Wheat Feed 7.8 2415 0.0 0.0 19.3
Newlands Winter Oilseed Rape 8.7 326.2 87.2 98.7 50.1 | Newlands Winter Wheat Feed 8.7 2415 0.0 0.0 19.3
Low Farm Ave Winter Barley Feed 17.8 150.5 0.0 0.0 12.0 | Low Farm Ave Winter Oilseed Rape 19.4 277.3 91.1 96.5 93.9
Stimpsons Potash Winter Barley Feed 24.3 153.2 0.0 0.0 12.3 | Stimpsons Potash Winter Oilseed Rape 24.9 299.8 96.8 102.5 100.1
Lane Field Winter Wheat Feed 12.0 241.1 0.0 0.0 19.3 | Lane Field Sugar Beet 11.8 122.9 0.0 139.9 21.0
Cooks Cottage Winter Wheat Feed 10.6 236.3 0.0 0.0 18.9 | Cooks Cottage Sugar Beet 10.9 109.1 0.0 1325 19.3
Carfour Spring Barley Malt 15.9 91.1 30.3 114.7 7.3 | Carfour Spring Beans Dried 16.2 7.5 29.3 55.6 12.2
Kerdy Green Winter Barley Feed 13.3 150.5 0.0 0.0 12.0 | Kerdy Green Winter Oilseed Rape 13.9 289.3 95.5 101.1 98.1
Forest Field Winter Wheat Feed 15.1 235.2 0.0 0.0 18.8 | Forest Field Sugar Beet 16.4 104.1 0.0 125.9 18.5
Howards Barn Winter Wheat Feed 14.1 231.6 0.0 0.0 18.5 | Howards Barn Sugar Beet 14.1 113.9 0.0 136.9 20.3
Salle Old Grounds Winter Barley Feed 12.7 151.2 0.0 0.0 12.1 | Salle Old Grounds Winter Oilseed Rape 12.6 320.3 99.6 105.4 103.8
Fronthouse 6.7 0.0 0.0 0.0 0.0 | Fronthouse Winter Wheat Feed 6.7 253.5 0.0 0.0 20.3
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