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The physiological basis and consequences for nitrate leaching of novel fertiliser strategies
involving foliar fertilisation of wheat.

by R.J. Readman
Abstract

Supplying a proportion of the N requirement of a wheat crop via the foliage would potentially
reduce immobilisation of fertiliser N in the soil organic matter and losses by leaching or
denitrification.

A field experiment to investigate the effects on crop yield, N recovery and nitrate leaching of
supplying the main spring N application to winter wheat as different proportions of foliar urea
rather than as soil applied ammonium nitrate was repeated on the same site over three years.
In year two, for selected treatments in the main experiment, recovery of ’N-labelled nitrogen
in the plant and soil was recorded. Experiments were conducted to investigate interception by
the foliage, and the effect of timing and rate of N applied.

N as foliar urea produced similar yields to N applied conventionally to the soil as solid
ammonium nitrate or urea over a range of rates of N applied. Early application of foliar urea
increased above ground dry matter production and had little effect on harvest index, later
applications reduced above ground dry matter production and increased harvest index. The
effect of foliar urea on above ground dry matter production was due to increased green area
index at anthesis, owing to increased leaf expansion.

Apparent recoveries indicated that gaseous losses, most likely by volatilisation, can be
important for high rates of N applied as foliar urea under warm windy conditions. Applied
under cooler conditions likely to inhibit gaseous losses however, true recovery of fertiliser N
in the crop-soil system was similar to that for N applied to the soil as solid ammonium nitrate
or urea.

N leaching losses were elevated for all treatments in all years. Application of N as foliar urea

under conditions conducive to gaseous losses reduced nitrate leaching, due to increased C/N
- . L . . . g . .

ratio of incorporated plant residues increasing immobilisation of mineral N.

Exploiting the potential for increased physiological N use efficiency as indicated and controlling
gaseous losses would potentially reduce N losses.
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1.0 INTRODUCTION

1.1  Background to the Project

About 0.35 million tonnes of fertiliser N are applied to winter wheat in the UK each year
(calculated from Chalmers et al., 1995); of this between 10 and 60% is not recovered by the
crop (Bloom et al., 1988). Losses of nitrogen from agriculture contribute to environmental and
health problems and represent a waste of valuable resources. Gaseous losses as nitrous oxide,
due to denitrification, contribute to global warming and cause depletion of the ozone layer
(Addiscott et al., 1991), while losses as ammonia due to volatilisation contribute to soil
acidification when it returns to the land in rain water (Holtan-Hartwig and Bockman, 1994).
That leached as nitrate can enter potable and surface waters where it has been associated with
eutrophication and implicated in human health issues, notably methaemoglobinaemia ("blue
baby syndrome") and stomach cancer, though the latter is by no means proven (Addiscott ez
al., 1991). Environmental and health concerns over the level of nitrate in water led to the
adoption by member states in 1980 of the EC Directive on the quality of water intended for
human consumption (Council of the European Communities, 1980), which set a maximum
allowébl_e concentration of 50 mg/l of nitrate in drinking water. An increasing number of water
sources exceed tﬁis concentration (MAFF, 1993) and in December 1991, member states
adopted the European Community Nit-rate Directive (Council of the European Communities, .
1991). This directive extends the 50 mg/! limit to all surface and ground waters. It requires
restrictions on agriculture in the catchment areas of water which exceed the 50 mg/l limit, or

are at risk of doing so in the future.

In addition to the environmental and health concerns, increased pressure on farm profitability

in recent years, particularly in the arable sector, has placed renewed emphasis on the efficient

1



use of inputs to reduce costs of production. The efficient use of nitrogen fertiliser is therefore

paramount in this respect.

The environmental problems and economic implications associated with losses of nitrogen from
the plant-soil system have been instrument'al in stimulating attempts to improve efficiency of
nitrogen utilisation. Cereals occupy 65% of arable land in the UK (MAFF, 1994a) and are
grown on a large scale in North Western Europe. Efficiency of nitrogen utilisation of cereals

is therefore particularly important.

Foliar application of urea to winter wheat is currently practised as a late season supplement to
basal N to increase grain protein content (Pushman & Bingham, 1976, Penny ef al., 1983; Rule,
1987; Gooding et al., 1991). Theoretically, it would be possible to supply a large proportion
of the total nitrogen requirement of a wheat crop via the foliage. This would potentially reduce
immobilisation of fertiliser nitrogen in the soil organic matter and losses by leaching or
denitrification (Powlson et al., 1989a; Poulton et al., 1990). Possible additional benefits may
arise from foliar appliéd nitrogen being less depen;ient on soil conditions for assimilation
(Currie, 1988; Powlson et al., 1987a) and reduced incidence of foliar diseases (Gooding et al.,

1988).

Application of nitrogen as foliar urea, must at least maintain yield. The timing of applications
in relation to the development of the leaf canopy and yield components is likely to be critical
in this context. The yield reduction with foliar urea reported by others (Poulton et al., 1990)

may have resulted from reduced effectiveness due to late application.



The aim of this project was to investigate the physiologicél consequences of foliar urea -

applications and effects on nitrate leaching as a basis for rational development of a more

environmentally acceptable method of nitrogen fertiliser application to winter wheat.

The objectives of this project were therefore:

i)

iii)

To conduct a review of the literature in order to understand what other people have
done in this field and to outline the current state of knowledge regarding the subject
area. |

To set up a field experiment (the "main experiment") to be repeated on the same site
over three years to compare supplying the main spring nitrogen application as different
proportions of foliar urea rather than as conventional soil applied ammonium nitrate or
urea.

To study tiller, leaf canopy and ear development to relate these to yield.

To measure apparent recovery of fertiliser N in the above ground crop and to measure
soil water nitrate concentrations over the following winter to estimate nitrate leaching.
To develop further experiments as necessary alongside the main experiment, to

investigate questions arising and hypotheses developed from the findings of the main

experiment.



1.2 Structure of the Thesis

The literature review is presented first (Chapter 2). N in thé soil is considered first; sources of
N in the soil, the fate of fertiliser N and specifically nitrate leaching are reviewed. Nitrogen in
crop production is then co.nsidered and specifically work relating to foliar N. The main
experiment is then reported (Chapter 3). Experimental method, results and discussion are
presented for each of the three years, 1992-1994. The further experiments developed from the
findings of the main MW are then reported (Chapters 4 to 7). As for the main
experiment, experimental method, results and discussion are presented for each experiment.
The main points-an'sing from each of the experiments are then brought together in the generai

discussion and conclusion. i?inally, suggestions are made for further work.



20 REVIEW OF THE LITERATURE

2.1  Objectives of the Review

The aim éf this project as stated, was to investigate the physiological consequences of foliar
urea applications and effects on nitrate leaching as a basis for “ratiorhlal development of a more

environmentally acceptable method of nitrogen fertiliser application to winter wheat.

With respect to the ;wonsequences for nitrate leaching, an understanding of the factors affecting
nitrate levels in the soil and the current state of knowledge regarding N losses by this pathway
is required. Nitrate leaching, however, only represents one pathway for N losses from thé plant-
soil system. Due to the application of N as foliar urea, other N loss pathways may be important.
Recovery of fertiliser N by the crop and fertiliser N remaining in the soil, are important factors
inﬂuer;cing (potential) losses of fertiliser N from the plant-soil system. A knowledge of

recovery of N in the plant-soil system as reported elsewhere is therefore important.

With respect to the physiological basis of the effect of foliar urea on yield, an essential
prerequisite is an understanding of the effect of conventional N applications on the components
of yield. A knowledge of the effect of foliar urea in this context as reported by others is also
required. The pathway for uptake of N applied to the foliage is very different to that for N
applied to the soil. Differences in the pathway and mechanism of uptake may be important with
respect to the physiological effects and losses of N applied as foliar urea. An understanding of
the pathway and mechanism of uptake for N ap_plied as foliar urea is therefore desirable. Finally,
a prerequisite of any study investigating novel fertiliser strategies is a knowledge of

conventional fertiliser recommendation systems currently employed.



The objectives of this review are therefore:

i)

ii)

With respect to nitrogen in the soil:

- to outline sources of nitrogen available to the plant and the fate of fertiliser nitrogen,
- to review the literature regarding ni;rate leaching, with particular reference to factors
affecting and methods of measuring nitrate leaching,

- to review the literature regarding recovéry of nitrogen in the plant-soil system with

particular reference to foliar applied nitrogen.

With respect to nitrogen in the plant:

- to outline current theory regarding the physiological basis of the effect of nitrogen .
on the ﬁeld of wheat and to review the effect of foliar urea in this context,

- to outline the m;:chanism of uptake of foliar applied urea,

- to outline current recommendation systems used for the application of nitrogen.



2.2  Nitrogen in the Soil

2.2.1 Sources of Nitrogen Available for Loss

1) Natural Source;

Figure 2.1 shows the nitrogen cycle in tllxe UK and the interaction between atmospheric, aquatic
and terrestrial ecosystems. The organic matter in the soil comprising crop residues and
microbial biomass, constitutes an important reservoir of nitrogen. On a global basis it represents
the third largest repos'itory of nitrogen on the planet (Table 2.1).A soil that has been under
cultivation for a long period and therefore has a relativély small organic matter content will
contain 2000-3000 kg N/ha, mainly in organic forms and mostly in the plough layer. More

typically, arable soils will contain 3000-5000 kg N/ha (Addiscott ez al.,- 1991).

Table 2.1 Estimates of active pools in the global nitrogen cycle (adapted from Jenkinson, 1990)

Nitrogen Tonnes

The atmosphere - 3.9x 10

Sea (various) 24x 10"

Soil organic matter (non living) 1.44 x 10" 115 x 100
Microbes in soil ' 6.0x 10°

Plants (land) 1.5x 10"

Animals (land) 1.9x 108

People . 1.0x107

Despite its magnitude, the organic nitrogen pool in the soil is relatively inert, and is not directly
available for loss. Before organic N is "available" for plant uptake or loss it has to be processed

by mineralisation. This is the process by which-carbon compounds are degraded by soil



Figure 2.1 The UK nitrogen cycle (The Royal Society, 1983).



microbes and used as an energy source, nitrogen being necessary for the manufacture 6f certain
essential molecules. Any excess C or N is returned in a chemically altered form to the humus,
or liberated as simple non organic waste producté; carbon as CO, and nitrogen as ammonium.
With the exception of very acid or permanently waterlogged soils, the ammonium is then
further oxidised by microbes, first to nitrite and then to nitrate, the final product of
mineralisation. The first step in the mineralisation process, the conversioﬁ of organic N to
ammonium, is called ammonification, while the conversion of ammonium to nitrate is called
nitrification. A wide variety of bacteria and fungi are responsible for ammonification, while

nitrification is a more specialised process involving principally Nitrosomonas and Nitrobacter.

A ﬂusl; of nitrogen from this source occurs mainly in the autumn and spring, when the soil is
warm and moist, favouring microbial activity (Figure 2.2). The contribution of mineralisation
to av%ilable N in any year depends on the soil type, weather and probably the forms of organic
' N (Goulding and Poulton, 1992). Estimates are highly variable: Goulding and Poulton (1992)
cite the general figure of less than 1 percent of the organic N per year (i.e. 30- 50 kg N/ha).
Jenkinson (1986) notes that the heavier soils under cereals in eastern England often contain 60-
120 kg N/ha as a result of mineralisation during the growing season, and Wehrmann et
al.(1987) report figures of 32-185 ng/ha;. Powlson (1993) suggests that values of 30-100 kg
N/ha as nitrate (to 1 m) due to mineralisation are common in arable soils in late summer. The

latter figures reflect net mineralisation, i.e. gross mineralisation less gross immobilisation.
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Figure 2.2 Time course of N mineralisation (....) and uptake by winter wheat (—) and grass
(----) (after Powlson, 1993).

Nitrdgen added to the land by dry deposition of particulate material and wet deposition of
dissolved inorganic nitr;)gen in rainfall is another natural source of available N. Estimates of
total deposition are highly variable; depending on location. Direct measurements at four sites
in Eastern England (Goulding, 1990) and indirect estimates at Rothamsted (Jenkinson, 1982;
Powlson ¢t al., 1986a), indicate an annual deposition to arable land in the.order of 40 kg N/ha

in this area.



Finally, the atmosphere consists of 78 percent free nitrogen which may be fixed biologically to
form NH;,. Biological fixation is an important natural source of nitrate (via mineralisation) in
farming systems where legumes are grown. On average, biological fixation has been estimated

to contribute 5-10 kg N/ha/year to the total "atmospheric” input (Gouldihg, 1990).

The significance of these natural sources to nitrogen available for loss is shown by the
Broadbalk experiment, where an area of arable land left bare and unmanured, on average

leached 45 kg N/ha/year between 1854 and 1877 (Addiscott, 1988).

ii) Artificial Fertilisers

Fertiliser use in the UK has been reviewed by Chalmers ez al. (1990). There v»}as a five fold
increase in use in the post war period 1953-74 (Church and Lewis, 1977) and applications
continued to increase at a steady rate in the period 1975-83, to plateau at 180-200 kg N/ha for
winter wheat. Approximately static results from 1983 to 1988 (Chalmers et al., 1990; Figure
2.3) and subsequently (Chalmers et al., 1995), suggest that the period of rapid expansion has’

come to an end.

Whatever form of nitrogen fertiliser is used, due to mineralisation, the usual end product in the

soil that is available to plants is nitrate.
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Figure2.3 Use ofN on spring barley, winter wheat, and winter barley (after Chalmers et al..
1990).



2.2.2 The Fate of Fertiliser Nitrogen in the Soil
Having considered the sources of available N in the soil, the fate of this N is a question central

to this thesis. In particular the fate of fertiliser derived N. There a.re five possibilities:

1. It may be incorporated into the soil organic matter by immobilisation.

2. It may undergo a process known as denitrification and be lost from the plant soil system
as a gas. A

3. It may be converted to ammonia and lost by volatilisation.

4. It may be lost as nitrate by leaching.

5. It may be recovered by the crop.

The objective of this study with respect to the fate of N is to assess the implications of applying
fertiliser N as foliar urea rather than as solid soil applications with particular respect to the
pathways of nitrate leaching and recovery by the crop, ar;d it is these pathways that will be
developed further in this review.-As the pathways above are all interconnected, however,
changing one changes the others. A broad appreciation of the other pathways, because of their

implications for nitrate leaching and crop recovery is therefore necessary.

i) Immobilisation

The process of mineralisation by which organic N is converted to nitrate has been discussed.
Immobilisation is the process running in the opposite direction. Soil microorganisms take up
ammonium and nitrate during the decomposition of organic substrates and convert them into

organic forms of nitrogen.
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Whether immobilisation or rﬁineralisation predominétes when organic matter is added to the
soil depends primarily on the nitrogen content of the organic matter. As a rule of thumb,
material with a nitrogen content of less than 1.2 - 1.3 % (corresponding to a C/N ratio of about
30) will immobilise mineral N in the soil during the early weeks following addition. Material
with more than 1.8 - 2 % N (corresponding to a C/N ratio of about 26) will mineralise nitrogen,

usually within a week, if not immediately (Jenkinson, 1984).

Immobilisation of inorganic N can occur by chemical reactions (Mortland, 1958; Nelson and
Bremner, 1969) or by physical restriction within mineral structures (Nommik, 1981). Such

processes, however, are of little significance in mature top soils within the pH range 5 - 8.

Immobilisation and mineralisation can occur simultaneously, which process predominates
depending on the amount and type of organic matter entering the soil. Consequently, changes
in the mineral N pool due to these processes gives only net mineralisation or immobilisation,

i.e. the difference between gross mineralisation and gross immobilisation.

i) Denitrification

Denitrification is the process by which certain bacteria, under anaerobic conditions, strip the
oxygen from nitrate to meet their oxyg'e;l requirement, liberating nitrogen and/or nitrous oxide
to the atmosphere (equation 1). Denitrification tends to occur when soils become anaerobic due
to wetness (but by rllo means saturated), water filled pores restricting the diffusion of oxygen,

and are sufficiently warm for microbial activity (Fillery, 1983, Sahrawat and Keeney, 1986).
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NO; ——> NO, (1)

/ N,0
\

N,

Denitrification tends to be highly variable, both in space (Parkin, 1987), and in time, occurring
following rainfali or irrigation rather than continuously (Jarvis et al., 1991). The rate of
denitdﬁdation also obviously depends on the supply of nitrate, and is likely to be greatest when
application of nitrogen fertilisers coincides with warm wet conditions. According to Addiscott

et al. (1991), rates of denitrification in field soils are likely to be in the order of 3 kg N/ha/day.

While the existence of denitrification as a loss process has been appreciated for a long time
(Allison, 1955); it is only recently that the importance of losses via this pathway have been
appreciated. Denitrification losses are now thought to be the main source of loss of fertiliser
N during the late spring, summer and early autumn (Jenkinson, 1986). Of the loss of fertiliser
N applied to winter cereals on a range of soil types approximately two thirds is thought' to be

mainly by denitrification (Addiscott and Powlson, 1992).

iii)  Ammoni ilisation

The ammonium ion, being adsorbed to soil colloids by cation exchange on negatively charged
sites, is not. generally at risk of leaching from most soils. If, however, the soil pH rises, the
equilibrium between NH," and NH, sﬁﬁs towards the latter and evolution of NH; gas can .

occur (equation 2). This process is known as volatilisation.

NH,* + OH ———> NH, + H,0 )
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Rates of ammonia volatilisation are influenced by a number of environmental factors. Rachhpal-
Singh and Nye (1988) consider among the most important of these are: aerodynamic factors
affecting the transfer of ammonia from the soil surface to the atmosphere e.g. surface
roughness, windspeed, temperature, pH and buffering capacity of the soil, soil moisture
content, depth of application and the amount of urea applied. The effects of these factors on"
ammonia volatilisation losses can be explained on the basis of how each affects the equilibrium

in equation 2.

Increased windspeed should lead to increased volatilisation by carrying ammonia away from
the volatilising surface, shifting 'the equilibrium to the right. This effect has been reported in a
number of laboratory studies and field studies of flooded soil surfaces, however, in field studies
involving non flooded surfaces no relationship between windspeed and ammonia volatilisation
has been found (Haynes and Sherlock, 1986). In the latter case, volatilisation from the soil
surface was diffusion controlled, windspeed haviné little effect on the diffusion process at soil
microsites. As with volatilisation from flooded surfaces windspeed by promoting mixing of air
within the canopy, could be expected to increase ammonia volatilisation from urea deposited

on the foliage.

Dissociation of NH," to NH,, and in the case of urea hydrolysis urea to NH," (urease activity),
increases with increasing temperature. The partial pressure of ammonia also increases with
temperature. A marked effect of temperature on both the instantaneous rate and ultimate extent
of ammonia volatilisation, and marked diurnal cycles in the rate of ammonia emission, mirroring

temperature cycles, have been reported by a number of workers (Haynes and Sherlock, 1986).
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Increasihg pH increases OH" concentration thereby pushing thé equilibrium to the right,
favouring ammonia volatilisation. Drying removes water from the right hand side of the
equilibrium, thereby increasing ammonia formation (Adams and Martin, 1984). However,
because urea hydrolysis requires water and proceeds very slowly in dry conditions (Volk,
1966), rapid volatilisation from urea only occurs when the soil surface is moist (Ferguson and
Kissel, 1986; Mahli and Nyborg, 1979). Moisture from dewfall can be sufficient to significantly
stimulate ammonia volatilisation (Hargrove et al., 1977) and even humid air over dry soil can
stimulate volatilisation (Reynolds and Wolf, 1987). Light rainfall usuall)} stimulates
volatilisation by moistening the soil surface and promoting urease activity (Black ef a/., 1987,
’ Craig and Wollum, 1982), while heavy rainfall or irrigation usually stbps ammonia volatilisation
by washing the urea into the soil (Craig and Wollum, 1982). Even light rainfall can dramatically
reduce volatilisation if the soil is already at field capacity (Black ez a/., 1987). While wind can
increase volatilisation losses from moist soil surfaces, it can ultimately reduce total volatilisation

by drying the soil surface (Ferguson and Kissel, 1986). v

Ammonia volatilisation represents a major loss of nitrogen from agricultural systems involving
animals (Jarvis and Pain, 1990). Ammonia can also be evolved from the foliage of arable crops.
Normally these losses are likely to be less than 10 kg N/ha (Powlson, 1993), though Schjorning
et al. (1989) have attributed losses of up to 40 kg N/ha from plants to a.mmﬁnia volatilisation
and Goulding et al.(1993) found evidence that losses up to 24 kg N/ha can occur in crops that

are heavily over fertilised with hitrogen or are badly damaged by disease.

Nitrogen losses by volatilisation can be a problem for urea fertilisers applied to the surface of

particular soils under certain conditions, for example dry calcareous soils (Ryden, 1984; Fenn
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and Hossner, 1985). Scharf and Alley (1988) reviewing a number of experiments, cite average
maximur;l and mean volatilisation losses of 30 and 22% of N for urea applications to the soil.
Further, they note that while there appears to be no difference between granular, prilled and
solution urea as regards susceptibility to volatilisation, there are indications from the literature
that losses are higher from broadcast applications of solutions than from dribble or stream
applied solutions. Volatilisation losses of between 4 and 36% of N applied have been reported
for foliar applied urea (Bowman et al., 1987, Bowman and Paul, 1990b; Smith ez ql., 1991)

(Section 2.2.3 (iii)).

2,2.3 Nitrate Leaching

N as nitrate dissolves in water percolating through the soil and is washed out as the water
drains. Mineral N occurring as ammonium, being .subject to immobilisation, conversion to
nitrate or held on cation exchange sites, is less likely to leach. With .the exception of sandy soils

with very low clay content, it is rarely leached from non acid soils in any quantity.

The amount of nitrate that is lost by leaching depends on the amount of water passing through
the soil and the amount of nitrate in the soil when the water drains through and out of the
profile. Thus drainage volume and amount of nitrate are the primafy factors affecting nitrate

leaching.
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i) Factors Affecting Nitrate Leaching

a) Drainage Volume

The volume of water draining from a soil is primarily dependant on the soil type, the balance

- between rainfall and evapotranspiration and can be affected by cultivation methods.

Soil Type

Before drainage can occur and nitrate lost, a soil must reach and exceed its maximum water
holding capacity. The volumetric moisture content of the soil is the main factor affecting
capacity and varies according to soil texture (Addiscott et al., 1991). Clay soils have a high
volumetric water contént and will reach maximum capacity later than sandy soils with a lower

volumetric water content. Consequently, soil type affects the point at which drainage and thus

potential nitrate leaching starts.

After the w'afer holding capacity of the soil, the drainage volume depends on the rate at which
water percolates through the soil. A main rate factor is the soil's hydraulic conductivity, which
is also dependent on soil texture and structure (Addiscott ef a/., 1991). Sandy soils, having a
higher hydraulic conductivity, have higher percolation rates than clay soils. Nitrate in these soils

is therefore at greater risk of leaching.

Rainfall and Evapotranspiration

The rate of percolation is also directly proportional to the water available for drainage (Bock,
1984). Once the soil has become saturated, this depends on the balance between precipitation

(and/or irrigation) and evapotranspiration, drainage occurring when the amount of precipitation
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exceeds evapotranspiration (Goulding and Poulton, 1992). It follows that in the UK, drainage
and therefore nitrate leaching, generally takes place during autumn, winter and early spring
(Figure 2.4). Occasionally, it can occur in late spring and sometimes even in summer (Prins e/

al., 1988).
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Figure 2.4 Monthly variation in average rainfall, evaporation and drainage through 0.5 m soil
(after Addiscott et al., 1991) .

Cultivations

Simplified tillage (shallow tine cultivations or direct drilling) has been shown to reduce nitrate
leaching losses in the autumn and winter, when mineralisation is the main source of nitrate,
compared to ploughing (Goss ef al.,1988; Goss ef al., 1993). The difference has been attributed

to the greater continuity of vertically orientated macropores under simplified tillage than under
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ploughing (Goss ef al., 1984). This resﬁlts in higher flow rates for direct drilled land, the
macropores being rapidly purged of nitrates but leaching then depending on diffusion of nitrates
from finer pores. In ploughed soil, the discontinuity reduces flow in the macropores, but allows
more nitrate to diffuse from the finer pores, overall resulting in increased leaching (Goss ez al.,

1988).

In the spring, however, the greater continuity of vertically orientated macropores results in
greater leaching of fertiliser N from direct drilled plots, because the nitrogen is close to the soil
surface and easily transported in rainwater to macropores and then downwards (Goss ez al.,

1988).

b)  Amount of Nitrate Present

The amount of nitrate present is affected by the amount of fertiliser N applied and the time of

application, the extent of mineralisation/ immobilisation, and crop uptake.

Contribution of Fertiliser N

The two periods of the year likely to be associated with nitrate loss, notably winter and spring
have already been outlined. The fate of fertiliser N in terms of recovery in the crop, in the soil

or lost, is reviewed in Section 2.2.4.

Considering the contribution of fertiliser N to leaching losses in the spring just after application,
work at Rothamsted (Section 2.2 4 (iii)) using *N labelled fertiliser applied in the spring to
auturhn sown crops has shown that the percentage of fertiliser N unaccounted for in the crop

or soil at harvest and therefore presumed lost between application and harvest, ranges from 4-
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38 percent. Considering this data, covering a range of soil types and sites, Powlson et al.
(1992) found a linear relationship between loss of fertiliser N and rainfall in the three week
period following application; each additional 10 mm of rainfall increased the loss by 2.6
peréent. Rainfall, however, could favour loss by increasing leaching or denitrification or both.
Addiscott and Powlson (1992), have further partitioned the estimated losses between these two |
processes using the model of Addiscott and Whitmore (1987) to simulate leaching,
mineralisation of organic N and mineral N uptake by the crop. In only two out of thirteen
experiments was the loss totally attributed to leaching, and in one of these the loss was very
small. In one of the experiments the loss was totally attributed to denitrification. In the
remaining ten experiments, both pathways were implicated, however, nearly two thirds of the
total loss was attributed to denitrification and one third to leaching. This represented on
average, 5% of the fertiliser N lost due to leaching between application and harvest. This
together with direct measurements (Goss e? al., 1988) indicates that fertiliser N is not a major

source of nitrate leaching in spring.

This applies to the climatic conditions of Southern and Eastern England. In the wetter areas of
the UK, where the main leaching period extends into late spring, the situation could be
' different. It is further notable, that these ﬁndings were based on losses of spring fertiliser N
applied to autumn crops that were already well established and actively taidng up N at the time
of application. N applied to spring cereals is likely to remain in the soil for several weeks before
uptake begins and is consequently. at greater risk of leaching than that from equivalent

applications to winter cereals.
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With respect to nitrate leaching losses in the autumn and overwinter, fertiliser N remaining in
the soil after harvest ranged from 13-36% (mean 20%) where labelled N was applied as '*NH,
and less ("7-14%) where N was applied as K**NO, (Section 2.2.4 (iii)). MacDonald et al. (1989)
has partitioned the residual fertiliser N between inorganic and organic N and found 80-90% of
the residual fertiliser N was in organic forms. In most cases only 1-2% of the fertiliser N
" remained as inorganic N after harvest and could therefore potentially contribute directly to

leaching,

The direct contribution of fertiliser N to nitrate leaching can therefore be no more than about
6-7% (Addiscott et al., 1991). This estimate is supported by direfct‘measurements. Dowdell ez
al. (1984b) recorded 6.3-6.6% of the labelled fertiliser N applied to spring barley in the
drainage water from lysimeters over four years following its application. Goss et al. (1988)
recorded nitrate leaching losses of approximately_ 6-7% of the spring fertiliser applied before

cessation of drainage in the spring; and Vinten et al.(1991) have reported similar results.

The proportion of fertiliser N recovered in the soil at harvest (Section 2.2.4 (iii)) is remarkably
constant, given the range of soil types, crop and weather conditions. This is due, in part at least, -
to the range of N rates used; no;mally only up to the optimum. Fertiliser rate, however, can
affect the amount of nitrate present in the soil and therefore potentially at risk to leaching
during autumn and winter. The relationship is not a simple linear one; a "breakthrough effect"
occurs when N applied exceeds the economic optimum. Glendening ef al.(1992) studying the
Broadbalk wheat experiment, found that the soil nitrate content measured at harvest or later,
was approxirpately constant for N applications up to that which gave maximum yield response,

but at rates above this increased sharply. Chaney (1990) reported a similar pattern, although
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in contrast to the results from the Broadbalk experiment, the increase did not occur until well '
after the yield (and economic) optimum were reached. Lord (1992) reviewed published andl
unpublished data and derived average gradients for relationships between leachable nitrate and
fertiliser N applied. She reported an increase in leached N for cereals of 7 kg/100 kg of fertiliser
l;I applie& up to a "break point", above which the response increased to 50 kg/100 kg of
fertiliser N. The breakpoint occurred close to the economic optimum. Vinten et al. (1991)
measuring nitrate leached, also found little effect of fertiliser N applied up to the recommended
rate. A similar break through effect has been reported by Barraclough ef al. (1992) for

grassland.

Recently Davies and Sylvester-Bradley (1995) have contested the contribution of feniliselr N
to nitrate leaching as reviewed here. Citing research by a number of workers (Chaney, 1990;
Sylvester-Bradley and Chambers, 1992; and Lord, 1992), they observe that "there is on average
a small but measurable increase in mineral N of about 7 kg / 100 kg of fertiliser N applied
below the optimum". While this. is correct, it cannot be considered a direct effect of fertiliser
N, in terms of fertiliser N remaining in the soil at harvest, as reported by MacDonald ef al.

(1989) and as discussed by Addiscott ez al. (1991).

In reviewing the contribution of fertiliser N to nitrate leaching, the discussion has centred on
spring applied fertiliser N. Timing of application of fertiliser N, however, will affect this. Crop
recovery of i‘eniliser N is improved when application coincides with high uptake. Autumn
applied N is used less efficiently by winter cereals than spring applied N (Sylvester-Bradley ef
al., 1987, Powlson et al., 1986b) and is therefore much more likely to leach. It is now normal

agronomic practice to delay N applications to winter cereals until the spring (Chatmers ez al.,
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1990, MAFF, 1994b).

Mineralisation

Leaching losses of nitrate directly attributable to fertiliser N in the order of 6-7 percent of that
appliéd, correspond to a loss of 13 kg N/ha for an average 190 kg N/ha application (Chalmers
et al., 1990). Measurements show that far more than this is leached in practice depending on
soil type, drainage and management (part (ii) this section). This difference is now considered
to be attributable to organic N mineralised in the autumn. This nitrate is vulnerable to leaching;
the soils are wetting up and drainage is starting and there is little if any actively growing crop

to catch it.

This nafurally ogcurring nitrate is now considered to be the biggest cause of the nitrate
problem, responsible for a larger proportion of nitrate losses than nitrogen fertilisers (Addiscott
et al., 1991). This conclusion is supported by the analysis by Addiscott (1988) of the
Rothamsted drain gauge data for the period 1877/8-1914/15. .The calculated quantity of N
leached as nitrate derived from soil N over the 38 years was 1444 kg/ha, which agrees closely
with the corresponding measured decline in soil nitrogen. Given that the soil in the gauges
carried no crop and received no fertiliser and that the mineral N in the soil is a small fraction

of total N, prag}ically all losses must have been derived from soil organic nitrogen.
Factors affecting mineralisation will thus affect nitrate leaching. The effect of soil type and

weather with respect to mineralisation have already been noted and are obviously beyond the .

farmer's control.
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Cultivation, by improving soil aeration, also promotes mineralisation and therefore increases
the amount of nitrate at risk to leaching. This effect had long been appreciated when permanent
pasture was ploughed up. Davies et al. (1979) found evidence of the effect, though to a
significantly lesser extent, in long term arable s;oils. More recent reports; Shepherd and Lord

(1990) and Goss e al. (1993) support this.

Goss (1990) has reported a decrease of 10 kg N/ha in N leaching losses ﬁ:om direct drilled plots
compared to tilled plots and attributed this to reduced mineralisation. The contribution that
higher drainage flow rates in uncultiva‘téd or minimally cultivated land, as discussed eatlier,
‘made to these differences, rather than the process of mineralisation itself, is ﬂot made clear.
Occasionally, cultivation fails to promote mineralisation (Dowdell and Crees, 1980) but reasons
for this are not clear. It may be that where the mineralisable N residues are low, soil disturbance

has little effect.

The contribution that mineralisation following cultivation makes to nitrate leaching, depends
on the timing of cultivation in relation to drilling of the next crop and to prevailing
temperatures. Shepherd ez al. (1992) found that delaying cultivation until just before drilling
delays the onset of mineralisation and this reduces the risk of leaching, while Stokes e? al.
(1992) found that delaying cultivation reduces the extent of mineralisation itself. This effect,
however, cannot be relied upon; Davies and Rochford (1992) obtained a benefit from delayed

cultivation in terms of reduced nitrate leaching, in only one year of a two year experiment.
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Immobilisation

The process of immobilisation has been outlined (Section 2.2.2); by this process potentially
leachable N can be removed from risk. As a result of recent legislation, straw incorporation is
now the norm in the UK. Immobilisation associated with the decomposition of cereal straw is
well documented (Patterson, 1960; Short, 1973; Lord, 1988). A number of workers have
shown this can contribute to reduced leaching in the short term (Powlson er al.,1985;
Bertilsson, 1988; Jarvis et al., 1989, Goss, 1990); however, more recent work on a chalk soil
in Cambridge (Davies and Rochford, 1992) showed no consistent benefit from incorporation,
suggesting that it cannot be relied on to reduce nitrate leaching. Further, in the long term,
additional organic N due to immobilisation leads to an increase in the basal rate of soil
mineralisation (Powlson et al., 1987(b)). This may account for recent observations of a more
linear relationship between fertiliser N rate and nitrate leaching in the Broadbalk experiment

{Goulding and Webster, cited in Powlson, 1993).

Crop Uptake

Uptake of mineral N by the crop also removes potentially leachable nitrate from risk. The
presence of an actively growing crop and factors affecting crop uptake will thus affect nitrate

leaching,

The presence of a growing crop during the autumn and winter has been shown to reduce nitrate
leaéhing compared to bare soil (Catt et al., 1992). To be effective, however, an autumn crop
‘must be sown early. Sowiﬁg earlier rather than later enables the development of a more
extensive root system earlier, enabling more of the nitrate made available by mineralisation to

be "tapped”. Work by Widdowson et al. (1984 and 1987) has demonstrated the effect of early
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sowing on reduced nitrate leaching. Goss ez al. (1993), however, has suggested that only very
early sowings (mid September) or very late (late November) are likely to affect total winter
leaching losses. Further, early sowing can conflict with aspects of good husbandry, weed

control with minimal use of herbicides and carry over of pests and disease.

Crop vigour will affect leaching; a well established vigorously growing crop will utilise more

nitrate than a backward crop.

In the case of spring crops, a winter cover crop ploughed under in the spring can take up nitrate
from the soil during autumn and winter and reduce nitrate leaching in the short term. A number
of workers have shown the importance of cover crops in this respect; Nielson and Jenson
‘ (1985), Christian et al. (1992), Shepherd and Lord (1990), Davies and Rochford (1992), and

Johnson ez al. (1992). Fielder and Peel (1992) have noted the importance of early establishment

of the cover crop with respect to the potential to reduce nitrate leaching.

The use of cover crops to reduce nitrate leaching in the short term, however, may have
implications for nitrate leaching in the longer term. Some of the N released following
incorporation of the cover crop will not be well synchronised with N uptake by the s;ubsequent
crop and may be subject to leaching; Catt et al. (1992) have reported evidence of this in the
Brimstone Experiment. Further, the effect of increased organic N in increasing the basal rate
of soil mineralisation in the longer term (Powlson et al., '198fb) has already been noted.
Powlson (1993) has noted the importance of a clearer understanding of the time-course of N

released following incorporation of cover crops in this respect.
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ii)  Estimates of Nitrate Leaching
The large number of climatic, soil and husbandry factors that influence nitrate leaching make
general estimates of nitrate leaching impossible and direct comparisons of research findings

difficult.

Kolenbrander (1981), considered the results from a number of experiments and adjusted them
to equate to an annual drainage of 300 mm. On the basis of this data he predicted mean annual
leaching losses of 100 kg N/ha and 42 kg N/ha for sandy and‘clay soils respectively growing

arable crops and receiving 170 kg/ha of fertiliser N.

Dowdell et al. (1984b) applied 80-120 kg N/ha to spring barley grown on chalk soils in
lysimeters and recorded mean annual leaching losses over four years of between 65-83 kg N/ha
corresponding to mean annual drainage of 340-460 mm. ﬁiﬁ'erences between fertiliser
treatments were not significant. In another lysimeter study, Webster et al. (1986) recorded
leaching losses under an arable rotation of 34-129 kg N/ha, corresponding to 259-427 mm
drainage from sandy soils and 15-73 kg N/ha corresponding to 174-420 mm drainage from clay

soils.

Davies and Archer (1990) note a general figure of 20 kg N/ha for estimated leaching losses in
' "average field situations", but do not specify any soil type. Goulding and Poulton (1992) cite
a similar figure for sandy soils and 10 kg N/ha/year for clay soils based on a range of
experiments. Lord (1992) from a range of published and unpublished data has estimated
average nitrate leaching from winter cereals in the UK to be in the order of 35 kg N/ha/year at

optimum amounts of fertiliser N applied.
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. To put these figures in perspective, assuming no denitrification occurs below the agricultural
soil level, by simple calculation, the EC limit of 11.3 mg/l nitrate-N in potable and surface
waters is equivalent to an average annual leaching loss of nitrate-N, directly related to drainage

as shown in Table 2.2.

Table 2.2 Effect of excess winter rainfall on the average quantity of nitrogen loss per hectare
which equates to 50 mg/l in soil water (after Archer, 1992).

Drainage (mm) Nitrate-N leached (kg/ha/yr)
150 : 17
250 : 28
350 40

Leaching losses in the order of 20 kg N/ha in the drier parts of Eastern England with annual
drainage of less than 150 mm, therefore suggest that leachate concentrations are usually in

excess of the EC limit.

iii) Measuring Nitrate Leaching

A number of methods are available:

a) Lysimeters
Early lysimeters of the repacked tyi)e, due to the disruption to the natural flow of water (Joffe,

1932), proved to be of little value and are not used today.
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Lysimeters used today, consist of undisturbed soil and can be classified as two types: Ebermyer
lysimeters are constructed by digging a trench alongside the block of soil of interest, excavating
horizontally beneath it and inserting a collection vessel (Barbee and Brown, 1986). With
respect to relevance to the field situation and interpretability of the data, Addiscott (1990) in
a review of the methods noted the main problem of this type of lysimeter is the lack of any
lateral constraint to water movement; they have no side walls. There is no way of knowing
exactly what area the water and nitrate collected is derived from. No studies have been reported
on the reproducibility of data from this type of lysimeter, though the main factor would

‘probably be soil variability.

Monolith lysimeters consist of large undisturbed blocks of soil cut from the ground and encased
so that all water and nitrate draining from them can be collected via some system at the base
(Belford, 1979). The lysimeter may be reinstalled at the site or moved elsewhere. Problems
include the technical difficulties associated with moving up to 1.5 tonnes of soil en bloc,
vertical and lateral compression of soil next to the container walls and the structural collapse
of unstable soils on collection. The full cost of removal and installation is around £2000 per
lysimeter (Goulding and Webster, 1992). With respect to relevance Addiscott (1990) noted the
lateral constraint imposed by the side walls of the containing vessel mean§ that while water and
nitrate are collected from a known area, by deﬂx.lition, lateral flow is prevented. This is likely
to be of less relevance in sandy soils than clay soils. With respect to reproducibility, as with
Ebermyer lysimeters, this is likely to depend largely on the variability of the soil. Problems can
arise on clay soils, however, in dry weather when shrinkage of the soil away from the side walls

allows by-pass of the soil block.
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With both types of lysimeter, the surface tens-ion of soil water where it is in contact with air at_
the base interrupts the tension that would naturally be applied to soil water as a result of water
in deeper layers and reduces drainage compared to soil in its natural state (Coleman, 1946). In
addition to affecting flow rate, t.ension at the lysimeter base also affects which pores drain. This
can influence bgth the flux and concentration of nitrate at the soil base (Haines et al., 1982).
They concluded that sat;xrated flow was sampled more efficiently without tension and that
unsaturated flow sampled more efficiently with tension. The application of tension to the base
of the lysimeter is therefort.e important, how much tension should be applied depends on the

tension at depth in the natural state and no generalisation can be made.

b) Large scale Field Drainage Collection

Taking advantage of the natural impermeability of heavy clay soils to downward water
movement enables drainage water and nitrate to be collected on a large scale. Except when they
dry out and crack, water and solutes in clay soils move in three main flow systems: surface run
off, lateral flow at the surface of the sub soil (interflow) and flow in mole drains in the subsoil.
Hydrologically isolated plots can be created in which water and nitrate flowing in each of these
flow systems is collected. Leaching can thus be measured directly in the true field situation, the

Brimstone Experiment is an example (Catt, 1991).

In Addiscott's (1990) review of methods of measuring nitrate leaching, workers considered
large scale field drainage collection, as a method of measuring nitrate leaching, very relevant.
The soil is largely as it would be in the field, lateral flow is not a problem as it is collected and
any air-water interfaces are as they would be in the field. Interpretability of the data is also high,

the drained area being clearly defined and concentration and fluxes of nitrate in all three flows
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can be calculated. The main drawback of such large scale experiments is cost, Goulding and
Webster (1992) estimated that the Brimstone Experiment would now cost some £250,000 to

' construct.

¢)  Soil Sampling
' The simplest method of estimating potentially leachable nitrate is to take 5-10 soil samples to
around 90 cm divided into different depths, bulk the soil from each depth and extract and
determine the amount of nitrate (and ammonium) at each depth. This method gives the mineral
N profile of the soil and how much nitrate (and ammonium which could be nitrified) is at risk

to leaching.

Differences between successive samplings provide an estimate of the change in the amount of
nitrate in the profile. However, such changes cannot necessarily be attributed to leaching, other
. procesées cause nitrate 'to disappear (crop uptake, immobilisation and denitrification), and
mineralisation. of organic N adds fresh nitrate. Soii sampling data also tends to be highly
variable. Lord and Shepherd (1993) noted c.v.'s in the order of 30 - 40% for 10 bulked cores
per point sample on arable soils and up to 130% for single cores. The method has the further
disadvantage of poorer sensitivity for nitrate than direct solution sampling at the same detection
limits. Due to dilution during the extraction process, the limit for detection of nitrate may be
no better than 10 mg/l N, i.e. the EC limit (Goulding and Webst(*;r, 1992). Given these
drawbacks, compared to other methods soil sampling was considered of low relevance with
respect to estimating ﬁitrate leaching in the field and difficult to interpret by a number of

workers (Addiscott, 1990).

33



Computer simulation of the alternative pathways and sources of nitrate, together with an
estimate of drainage and knowing the moisture content of the soil allows an estimate of
leaching to be made (Powlson et al., 1989b). The problem appears to be finding a model that

works satisfactorily.

d) Porous Ceramic Suction Cups

Sampling of soil solution by this method is well established (Briggs and McCall, 1904). The
typical construction of cups iﬂ use today, and as used in this study, has been described by
Webster et al. t1993) (Figure 2.5). The cups are installed vertically, horizontally or at an angle
into an augured hole. A slurry of snhca flour is usually poured into the hole to ensure good cup

to soil contact and the hole back filled with soil in the correct order.

Vertical installation is the simplest, but also carries the greatest risk of preferential flow to the °
cup due to disturbed soil and sampling tubes immediately above the cup. Water passing through
the soil may also have different nitrate concentrations to that passing through consolidated soil.
A bentonite plug is thus commonly inserted ;round the sample tubes 5-10 cm below the plough
layer to divert water flowing down the installation hole to undisturbed soil. Vertical installation
is also likely to suffer the greatest risk of any crop damage incurred in sampling visits affecting
nitrate concentrations. Lord and Shepherd (1993) found no significant difference between
angled and vertically installed cups, but noted that angled installation would be a sensible

precaution, particularly in short term studies where soil disturbance will have greatest influence.
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Figure 2.5 Ceramic suction cup used to collect samples of soil water (after Webster et al.,
1993)
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Samples are obtained by applying a vacuum to the cup of up to 80 kPa for 10-120 minutes

using a small hand pump or a gas syringe and then collecting the sample, again by suction.

The advantages of porous cups over other methods are that they are relatively cheap (around
£20 per cup) and easy to install, there is minimal soil disturbance during subsequent sampling
and they are simple to use (Grossman and Udluft, 1991). A number of problems, however, have

been noted:

Ceramic cup results.tend to be highly variable. Hansen and Harris (1975) concluded that
variabilities of +/- 30% or more are to be expected in the field, when measuring concentrations
in the order of 20 mg/l. Lord and Shepherd (1993) have reported c.v.'s of 30-70%, depending
on crop type, though variability for cereals tends to be lower than for other crops (35-55%).
Variability is far worse under grazed grassland where there are faeces and urine patches (Cuttle,
1992). Variability is probably due in part to the intrinsic variability of the cups themselves, in
part to the slight differences in installation and the reﬁainder to soil variability (Addiscott,

1990). Variability, however, is still less than for soil samples (Lord and Shepherd, 1993).

In terms of interpretability and relevance of the data, a number of questions have been raised.
England (1974) noted that, “one cannot be sure from what macroscopic volume of soil the
sample was extracted nor from which pores". With respect to "what voiume", Van der Ploeg
and Beese (1977) concluded from calculations that porous cups could sample water from a
sphere of approximately 0.6 m diameter, including mobile and non mobile water. They also
suggested that applied over a long period, sampling suction could also distort the natural
drainage pattern. These calculations, however, are more relevant to continuous sampling

.
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systems extfacting large sampie volumes. Lord and Shepherd (1993) conclude that discrete
sampling every 14 days removing' small sample volumes (15-20 ml) should not affect the natural
drainage pattemn. Discrete sampling, however, introduces the risk that important chénges inthe
nitrate concentration of the drainage water may be missed. Goss e? al. (1988) have shown the
changes in nitrate concentration that take place during a single storm event (Figure 2.6). A
single sample, such as that taken by a porous cup, will have a very different nitrate
concentration depending on when during the drainage event it is taken. It may therefore be
expected to lead to an under or overestimate of nitrate leaching. This, however, as will be seen,
is not found in practice for sandy soils. Further, Lord and Shepherd (1993) from an analysis of
three data sets found that omitting subsets of samples (four strategic combinations of subsets
tested) had little effect on the calculated loss. Even using only four samples (of eleven),

calculated losses were within 10% of that calculated from the full data set.
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Figure 2.6 Drainflow (---) and concentrations of nitrate (—) in the drainage water during one
storm event at Brimstone Farm (after Goss et al., 1988)
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With respect to "which pores”, the existence of mobile and immobile water becomes a problem
. in terms of the relevance of porous cup data in determining fluxes of nitrate, since such fluxes

_involve mobile water. Porous cups are most useful in sands and in other soils in which water

flows through a reasonably large proportion of the soil pores and also in types of chalk in which
_ matrix flow occurs. They are less useful in those soils with water in clearly defined mobile and

immobile phases, such as silts and clays.

A number of workers have shown this. Barbee and Brown (1986) applied chloride to three
different fallow soils and allowed it to leach naturally and compared the chloride concentrations
in the soil water as detected by porous cups and an Ebermyer lysimeter. There was no
significant difference in chloride concentration or time of peak concentration between the two
sampling systems on the sandy soil. On the silt loam, however, there was a significant difference
in the pattern of leaching, peak concentration in the cups was higher and occurred earlier than
that detected .by lysimeter. In the clay soil the porous cup produced enough sample for analysis
on only one occasion and was by-pa.;sed on others. This comparison could be criticised on the
basis that no suction was applied to the lysimeters used; however, Shafer ez al. (1979) also
found evidence that porous cups could be by-passed by percolating water in a clay silt loam.
In one experiment, compared to samples collected from lysimeters, porous cups failed to detect
a large concentration of nitrate moving downwards and in another failed to detect a large
nitrate concentration and a "spike" of cadmium. Cadmium being strongly adsorbed, does not
leach in normal circumstances and bypass flow through larger pores was therefore indicated.
Such flow would have been encouraged by the large volume (16.6 mm aliquots) of solutions

applied. Unlike the experiment of Barbee and Brown (1986) this study used lysimeters with and
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without suction. Further evidence that ceramic cups are by-passed by mobile water has recently
been provided by Goulding and Webster (1992). They have compared soil water nitrate
concentrations iﬁ cups in the moderately structured silty clay loam of the Broadbalk field with
that flowing from drains before and after N applications. Much higher N concentrations were
recorded in the cups than in the drains before N application, while the reverse was true after
N application; a good indication that the cups sample immobile water and the drains mobile

water.

Webster ez al. (1992 & 1993) compared porous cups and monolith lysimeters as a method of
estimating nitrate concentration in drainage water and nitrate leaching losses at twc; sites over
three years. Profiles of nitrate concentration with cumulative drainage were similar, but peak
concentration while of similar magnitude occurred earlier for porous cups thaﬁ for lysimeters.
This was supported by bromide concentrations measured in a separate bromide tracer
experiment. The effect was attributed to faster anion flow in the plots with cups compared to
lysimeters, due to the absence of matric suction pressure applied at the lysimeter base (only
partially applied). With respect to nitrate leached, apart from the first year, when significant
differences between porous cups and lysimeters were attributed to soil disturbance, good
agreement was found between the two methods at both sites. They concluded that porous cups
are an acceptable method of measuring nitrate leaching losses on free draining soils if used
correctly. Other workers have reported apparently satisfactory results on a range of light and

medium soils A(Davies and Rochford, 1992; Shepherd et al., 1992).

From the literature then, porous cups are a relatively cheap and simple method of measuring

nitrate concentrations in sandy and other relatively unstructured soils. The data is less variable
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- than soil core data and can be analyzed with greater precision. It is notable, however, that in
Addiscott's review of methods (1990), soil coring, with respect to "scientific attributes”
(reproducibility, relevance, mobile/immobile water and interpretability), received no lower

scores than porous cups.

Porous cups, however, due to the unknown volume drained, do not measure nitrate leaching
directly. To do this necessitates an estimate of drainage volume. This is usually obtained from
weather based models of rainfall and evapotranspiration such as MORECS (Thompson et al.,

1981) or Irriguide (Spackman, 1990).

Webster et al. (1992 & 1993) found good agreement between over winter drainage as
calculated by these meteorological methods and that recorded by lysimetry. This agreement,‘
however, hides the fact that the pattern of drainage in the lysimeters was not the same as that
which occurred naturally in the field. Although the lysimeters were equipped to allow free and
suction assisted drainage, -it was only applied for a few hours per week. In the field matric
suction pressure would have always been present. Further, the single estim;te of drainage flux '
as calculated by either system, is then applied to all sample points i.e. drainage is assumed to
be uniform. In pract'ice, due to the spatial variability of the soil, this will not be the case
(Addiscott, 1990). When estimating drainage by meteorological methods, Lord and Shephérd
(1993) have noted the importance of accurate determination of the start of drainagev and of the

failure to sample the first flow.

In terms of a "best buy", porous cups at the base of the rooting zone offer a reasonable

economic method, on light to medium textured homogenous soils, of measuring nitrate
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concentrations in soil water. In conjunction with meteorological systems to determine drainage,
an estimate of nitrate leacﬁing can be made. On balance, lysimeters offer a more reliable guide
to nitrate concentrations and nitrate leaching over a wider range of soils, but at significantly
higher cost. On heavy clay soils large scale drainage collection systems are the only reliable -

option.

iv) Strategies to Reduce Nitrate I eaching

Methods to reduce nitrate leaching can be considered as agronomic or governmental.

a) Agronomic Measures

On the basis of the factors affecting nitrate leaching (Section 2.2.3 (i)) a set of guidelines have
been f)r'oduced and are embodied in the Code of Good Agricultural Practice for the Protection
of Water (MAFF, 1991). The code has statutory support under the Water Act (Anon., 1989)
and is' a requirement of the EC Nitrate Directive (Council of European Communities, 1991).

The agronomic measures with respect to arable crops can be summarised as:
1 Nitrogen fertiliser should not be applied in the autumn.

2. Nitrogen applications should be optimised with regard to anticipated yield and applied

in relation to crop demand and in accordance with professional recommendations.

3. Where possible applications of nitrogen should be split to reduce the risk of nitrate

leaching.

41



10.

11

Application equipment should be regularly calibrated and fertiliser spread accurately ‘

avoiding ditches and hedges.

Wherever possible soils should not be left bare over winter. In the case of spring sown

crops catch crops should be sown overwinter.
Winter sown crops should be sown early in the autumn.
Straw should be incorporated where possible.

Cultivations should be delayed until just prior to sowing to delay the build up of nitrate

in the soil.

Ploughing in of temporary grassland or permanent pasture should be managed carefully

and avoided if at all possible.
Applications of organic manures should be related to crop requirements and limited to
no more than 250 kg N/ha in organic manure in any 12 month period. Applications to

arable land in the autumn and early winter should be avoided.

Irrigation should be carefully scheduled to avoid returning the soil to field capacity

during the growing season.
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Those guidglines that increase farm efficiency, such as optimum use and timing of fertiliser, are
likely to require little more than better education. However, those that entail or are perceived
to entail a degree of risk, expense or inconvenience, e.g. earlier sowing date, may require
enforcement of the code of practice. While it is supported by legislation, ‘h<.>w effective this will

be remains to be seen.

Early results from a study by Johnson (1992), from two rotational trials in which the above
guidelines were compared to "standard husbandry practice” have indicated that nitrate loss can
be reduced with only a small reduction in farm income. This study was very short term and
questions as to whether the economics of the systems chan_ge with time and whether the

reduction in nitrate loss results in increased losses in later years need to be addressed.
It is generally recognised that implemeniation of good farming practice alone will not reduce
nitrate leaching to within EC limits (Foster ez al., 1986). Williams (1990) has suggested that

implementation of such agronomic measures is likely to reduce nitrate leaching by only about

10%, but up to 25% in certain crops.

b)  Governmental Measures

Taxes

. Taxation, at a rate of 49%, has been imposed on fertilisers in Sweden, Finland and Austria, but
has had limited effect on nitrogen use. A model by Williams (1990) has suggested that a tax of
40% in the UK would have little effect. The lack of impact is a direct reflection of the effect

of nitrogen on 'crop yield. The principle effect of N taxation would be to redistribute income
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from farms to the exchequer. Williams (1990) predicted a decrease in national net farm surplus

of £130M (16%) with a tax of 40%.

Quotas

Production quotas have been used to curb over production in a number of sectors. Quotas on
inputs have been suggested to curb over production and at the same time control environmental

pollution.

The model of Williams (1990) indicates that N quotas would be more effective than N taxation
) in reducing nitrate leaching . Sylvester-Bradley et al. (1987) have reported that 90% of cereal
yield can be obtained using only 40-50% of optimum N input. Quotas would therefore also be
less of a financial burdgn to farmers. According to Williams (1990) reducing fertiliser

applications to 80% of their éurrent levels would reduce net farm surplus by £70M (9%).

While qixotas may appear promising, problems can be anticipated as a result of farmers likely
responses to them in an attempt to maintain margins. Nitrogen fixing break crops would be
likely to be introduced and nitrogen devoted to higher margin crops which, coincidentally, tend

to leach larger amounts of N, e.g. potatoes.

The predicted effects on net farm surplus on a national scale of taxes and quotas also masks

differential effects according to size and type of farm.
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Restrictions On Lan

mprehensive restrictions on |
This is the only agricultural solutioﬁ which by itself woould approach the requirement of the EC
Nitrate Directive, and Williams (1990) estimates that up to 80% of arable land in those areas
where the nitrate limit is exceeded would need to be converted to unfertilised grass or
woodland. Tl.1e financial implications would be considerable, with a reduction of some 50% in
national net farm surplus. The implications for the agricultural industry as a whole and rural

communities would be massive and probably publicly unacceptable.

Local restrictions on land use

In 1990 the UK government introduced the Pilot Nitrate Scheme. i‘en nitrate sensitive areas
(NSA's) were designated, over a range of sandstone, chalk and limestone groundv;'ater sources
with high and/or rising nitrate levels. Under the scheme compensation is paid to farmers who
voluntarily agree to reduced inputs and altered management practices to reduce nitrate

leaching. The scheme consists of two parts:

(1)  Under the basic option the same farming system continues as before, but farmers were
required to observe prescribed limits on inorganic and organic fertiliser amounts and

timings, and to establish a cover crop on land left bare in the.autumn.

(2)  Under the premium option, farmers were required to convert arable land to permanent
grassland. A number of management options exist:
- unfertilised, ungrazed grass.

- unfertilised, grazed grass.
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- limited fertiliser and optional grazing.

- grassland with woodland.
The Pilot Scheme closed for entry in May 1991. Agreements are set to run to 1995 or 1996,
according to when the farmers joined. Farmer uptake of the scheme has been high, 87% of the
land and 80% of the farmers have joined.
A "New" Nitrate Scheme was launched in 1994 (MAFF, 1994c) as part of the governments
measures designed to comply with the EC Agri-Environment Regulation (EC 2078/92). The
scheme established a further 22 NSA's and incorporated the existing 10 NSA's from the pilot
scheme. The scheme is scheduled to run for five years. The scheme is again voluntary and

compensated for. Farmers are able to choose between three options:

1) Basic option: Low nitrogen arable‘cropping. This requires application of inorganic
fertiliser to be limited to 150 kg N/ha. No organic N will be permitted and cover crops
will be required to be established oﬁ land left bare in the autumn. Potatoes and
vegetable brassicas will be banned. Alternatively, a sub-option allows any crop to be
grown, with fertiliser N applied according to crop requirements (up to 200 kg N/ha),

in one out of the five growing seasons.

(2) Premium arable option: Conversion of arable to extensive grassland. A number of
management options exist:
- unfertilised, ungrazed grass. -

- unfertilised, ungrazed grass, with native grass species.
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- unfertilised, limited grazing.

- limited fertiliser/grazing.
(3)  Premium grass option: Conversion from intensive to extensive grass.

Compensation payments are between £65 and £590 per hectare according to which option is

chosen.

In addition to the New Nitrate Scheme, under the EC Nitrate Directive (Council of European
Communities, 1991), member states were required to establish and designate nitrate vulnerable
zones (NVZ's). 68 NVZ's in England and Wales, totalling 600,000 ha and 1 in Scotland of 435
ha have recently been designated (MAFF, 1996a; Scottish Office, 1996). The new NSA scheme

is seen as a voluntary supplement to the mandatory measures that will apply in the NVZ's.

Under the Nitrate Directive, member states are required to establish action programmes in
respect of the designated vulnerable zones for the purpose of reducing and preventing fresh
surface or groundwaters from reaching a concentration of 50 mg/l nitrate. The action
programme proposed for NVZ's in England and Wales (MAFF, 1995b) incorporates the

following measures:

Inorganic N fertilisers:
- should not be applied between 1 September and 1 February unless there is a specific
crop requirement.

- should not be applied to water logged, flooded, frozen or snow covered soils, steeply
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sloping fields, or in such a way that they may directly enter surface water.
- should not exceed crop requirements, taking account of N supply from soil organic

matter, crop residues and organic manures.

Organic manures:

- applications should not exceed 250 kg N/ha on average for grass fields and 210 kg
N/ha on average for fields not in grass. The latter is expected to be reduced to 170 kg
Nr/ha by 2003.

- on sandy or shallow soils; slurry, poultry manure or liquid digested sludge should not
be applied between 1 September aqd 1 November to grass fields and between 1 August
and 1 November for fields not in grass.

- organic manures should not be applied to water logged, flooded, frozen or snow
covered soils, steeply sloping fields, or in such a way that they may directly enter

surface water.

Storage of slurry and silage:
- all new or substantially altered slurry or silage-facilities must conform with the Control
of Pollution (Silage, Slurry and Agricultural Fuel Oil) Regulations 1991.
- Storage capacity for organic matter which cannot be applied in the autumn must be
adequate to cover the closed period, unless other environmentally accep?able means of

disposal are available.

Fertiliser records:

- records of N fertiliser and organic manure use must be kept.
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With certain exceptions, the proposals therefore largely reflect the Code of Good Agricultural
Practice for the Protection of Water (MAFF, 1991). Unlike the code, however, the proposals
will be mandatory and enforceable by law. The deadline for implementation of the action

- programmes is 1999.

No.compensation will be paid to farmers in NVZ's in respect of any costs incurred in
implementing the proposed action programme, however, grants will be made available to those
farmers in the zones who have to improve their waste handling facilities as a result of the limits
which the proposed action programme sets on manure spreading. The in'itial capital costs (one
off) to the industry of implementing the measures are estimated at £10M, and the ongoing
annual costs, including interest arising on capital invested, are estimated at £3M (MAFF,
1995b). In addition to these direct costs it has been suggested that NVZ's may reduce land
values, particularly in the longer term, due to the perceived risk of future changes to the -

regulations (Cowap, 1996).

2.2.4 Recovery of Fertiliser Nitrogen in the Crop

i) Methods of Measuring

Recovery of applied nitrogen can be determined by four methods (Hauck and Bremner, 1976).

Non Isotopic Methods

) n isotopic differen hy

Recovery of fertiliser N by the crop is calculated from the difference between total nitrogen
uptake from a fertilised plot and from a control plot given no nitrogen fertiliser. This method

places considerable weight on the performaﬁce of the control plots, which may be very nitrogen
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deficient. Further, inherent in this method is the assumption that immobilisation/mineralisation
and other N transformations during the course of the experiment are the same for both

untreated and treated soils, i.e. that they are unaffected by the application of N.

This is not always the case. In experiments involving the use of '*N labelled fertiliser, it has
commonly been reported (but not always; Leitch and Vaidyanathan, 1983) that planis given
fertiliser nitrogen take up more unlabelled N than plants receiving no fertiliser. Hauck and
Bremner (1976) referred to this phenomenon as a "priming effect”. There has been considerable

controversy over the cause and interpretation of this effect (Jenkinson et al., 1985).

Jenkinson et al. (1985) used the term "added nitrogen interaction" (ANI) . According to their
theoretical study, ANT's can be either "real" or "apparent”. A real ANI can occur if, for
example, the added fertiliser N increases the volume of soil explored by the roots. An apparent
ANI can occur as a result of isotope displacement reactions or pool substitution. Isotope
displacement reactions occur when added N displaces native unlabelled N from a "bound” pool.
' According to Jenkinson et al. (1985) apparent ANI's caused by isotope displacement are only
likely to be of significance in exceptional circumstances. Pool substitution, is the process by
which added N stands proxy for native N that would otherwise have been removed from the
pool. Denitrification and plant uptake of N can under special conditions give rise to pool
substitution and thus cause apparent ANI's. However, pool substitution due to microbial
immobilisation was oonside_red to be the most impprtant cause of épparent ANT's. With respect
to real ANTI's, it was concluded that addition of fertiliser N was unlikely to cause lafge real
ANTI's by increasing efficiency of uptake; roots showed a limited growth response and even

restricted root systems have been shown to absorb the highly mobile NO;™ ion effectively.
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2) n isotopic regression method

Where multiple rates of N have been used, crop recovery of applied N can be calculated by
linear regression. The slope of the regression between total nitrogen content of the crop and
nitrogen applied is taken to represent the propbrtion of the fertiliser N recovered in the crop.
This involves the same assumptions as in the difference method, but is more satisfalcto.ry in that

less emphasis is placed on the performance of the control plots.

Due to the assumptions used in both of the hon isotopic methods, and the consequent fact that
the calculated N recovered may actually be derived from sources other than fertiliser, the

recovery as calculated is referred to as "apparent N recovery”.

Isotopic Methods

*Nitrogen is the heavy isotope of nitrogen occurring naturally in the air at an abundance of
0.3663% of total N,. It can be concentrated by various techniques and measured by mass
spectrometry. "N can therefore be used as a tracer by enriching N fertiliser and studying

enrichment or dilution effects in the plant-soil system.

The use of N isotopes as tracers in biological systems makes three fundamental assumptions:
6] complex elements in the natural state have a constant isotope composition,
(i)  living systems are unable to distinguish between isotopes of the same element,

(iii)  the chemical identity of isotopes is maintained in biological systems.
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(3) Isotopic dilution method

In this method, the amount of N recovered by the plant is calculated from the results of total
nitrogen and nitrogen isotope ratio (**N:'*N) analysis of plant samples from the fertilised plots

receiving N labelled with "*N. Control plots receiving no fertiliser are used only to estimate the

background *N level occurring naturally in the sample material.

(4)  Isotopic dilution regression me
As with non isotopic methods, where multiple rates of '*N-labelled nitrogen fertiliser have been
applied, a linear regression of labelled nitrogen in plants and ’N-labelled nitrogen applied can

be used to determine recovery. The regression coefficient representing recovery.

As the labelled N used to calculate recovery is assumed to be solely derived from the labelled

fertiliser applied, recovery as calculated by isotopic methods is referred to as "true recovery".

i) Comparison of Methods

Linear regression of total Mtroéen in plants oﬁ rates of nitrogen applied (method 2) has given
higher values for recovery than linear regression of labelled nitrogen on rates of labelled4
nitrogen applied (method 4) (Hauck and Bremner, 1976). Comparison of recoveries as given
by the two isotope methods (methodsv 3 and 4), have found them to be similar (Westerman and

Kurtz, 1974).

Some workers have reported higher recoveries with the isotope dilution method (method 3)
‘than the difference method (method 1) (Broadbent, 1975; Campbell and Paul, 1978; Broadbent

and Carlton, 1980). Others have reported similar recoveries for the two methods (Carter ez al.,
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1967; Olsen, 1980). More usually, recovery as determined by the isotope dilution method, is
lower than that given by the difference method (Westerman and Kurtz, i974; Yoshida and
Padre, 1977, Dowdell and Webster, 1980, Dowdell, 1982, Smith et al, 1982; Sah and
Mikkelsen, 1983; Bloom, 1987). Jenkinson et al. (1985) concluded that the apparent ANI
arising as a result of pool substitution due to immobilisation is the most common cause for the

lower recoveries.

Neither the difference methods nor the isotope methods give unequivocal results. If a real ANI
occurs, recovery measured by the difference method will be in error; if an apparent ANI occurs,
recovery as measured by the isotopic methods will be in error. Jenkinson et al. (1985) point out
that "N tracer techniques provide a useful tool for following the fate of applied N in the plant-

soil system and "extend but do not supplant” non isotopic methods using zero N controls.

iii) Recovery of "Conventional” (soil aj lied Fertiliser N

The soil pro;:esses of immobilisation, volatilisation, denitrification and leaching affect crop
recovery by making fertilisér N unavailable to the crop and have been discussed (Section 2.2.2
and 2.2.3). Crop vigour int'eracts with these processes and directly or indirectly alters their
magnitude. Unfavourable growing conditions, changes in the manaéement of the crop-soii
éystem and changes in fertiliser management influence crop vigour and affect the

interrelationships of the nitrogen cycle (D'owdell et al., 1984a).

Prior to the study by Jenkinson ef al. (1985) of ANI's and the implicationé of both real and

apparent effects for N recovery methods, it was generallir accepted that the '*N technique was
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essential for accurate estimation of N recovery (Westerman and Kurtz, 1§74; Fried et al., 1975,
Hauck and Bremner, 1976). The "N technique has therefore been widely used in the last
twenty years to calculate regoveries of fertiliser N in the plant-soil system and by difference,
to estimate the amount lost. In a number of studies wérkers have reported recoveries as

calculated by the "N technique and the difference method.

In a review of early "N work, Kundler (1970) reported a range of 30-70% recovery of applied
N by the crop during the year of application, 10-40% recovery in the soils organic matter and
losses of between 10-30%. Zamyatina (1971) has reported a similar wide range of recoveries
and losses in a review of early work in the USSR. In most cases recoveries in the crop and soil
tended to lie in the range 60-65% and 20% respectively, while unaccounted for N tended to be
in the order of 20%. Where N labelled fertiliser was used in conjunction with lysimeters,
between 1 and 5% of the fertiliser N lost was attributed directly to leaching and between 22 to

18% (by difference) to gaseous losses, on sand and clay soils respectively.

Van Cleemput and Baert (1984) have reported crop recoveries of 53%, 59% and 67% for
labelled ammonium nitrate applied to winter wheat in the spring at mid tillering, flag leaf and
flowering respectively. Fertiliser N recovered in the soil was similar, in the order of 20% in all
cases. The large losses associated with the earlier applications were attributed to gaseous losses
by volatilisation and denitrification, the latter being considered the most important on the basis
of soil type and moisture content at application. No measurements, however, were taken to
support this. Vaidyanathan (1984) has reported crop recoveries of 30-72% for labelled N

applied to 21 winter wheat crops at different sites.
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Crop recoveries of 46-54% in the year of applicatién for 3 rates of labelled N (0, 80 and 120
kg N/ha) applied to spring barley have been reported by Dowdell ef al. (1984b). Recovery by
subsequent crops was very low, total recovery after four years increasing to only 49-5 7%. This
was attributed to slow remir}eralisation of fertiliser-N in the organic matter. Corresponding
apparent N recovery in this study ranged from 38-63% except in one year when N recovery by
this method was substantially larger, 67-76%. The unusually low N recovery in the zero-N

control was implicated.

Webster et al. (1986) used N in conjunction with lysimetry to study the fate of spring
applications of ammonium nitrate to winter wheat on clay and sandy loam soils at 95 and 102
kg N/ha. Crop recoveries were 46-58% in the first year. Only small recoveries of the labeiled
N by subsequent crops was recorded over the next 6 years. For the sandy soil, total crop
recovery increased to 62%, 23% remaining in the soil. Of the 15% lost, 4% was attributed

directly to leaching losses.

Smith et al. (1988) have reported recovery in the crop of labelled N applied in spring of 56-
80%, according to time of application and previous nitrogen applications. Bloom et al. (1988)
reporting on experiments over five years at a number of sites and N rates, recorded apparent
recoveries ranging from 43 to 88%. In three of the years, apparent N recovery for an
application of 200 kg N/ha averaged 58% while recovery determined using '*N averaged 50%

(Bloom, 1987). A positive ANI was implicated in respect of this difference.

In a series of experiments between 1980 and 1983 at three sites in SE England labelled N was -

applied to winter wheat crops in the spring at rates of 47-234 kg/ha ( Powlson ef al., 1986a,
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MacDonald et al., 1989; Powlson et al., 1992). True recovery of fertiliser N in the above
ground crop as reported ranged from 39-87% (mean 63%) of N applied, corresponding
apparent recovery as calculated, ranged from 30-100% with a mean of 78%. Recovery in the
soil was remarkably constant (excluding very low N rates) averaging 18% for N applied as
NH,NO; but less (7-14%) where N was applied only as NO,". Where determined, of the
labelled N present in the soil to a depth of 70 cm, 84-88% was in the top soil (0-23 cxﬁ). On
average, only 1.15% (range 0.4-3.6%) of the fertiliser N applied in the spring, was in mineral

forms in the soil at harvest (MacDonald ef al., 1989).

Loss of fertiliser N from the crop-soil system (0-23 cmj, ranged from 4-38% (mean 18%).
Powlson et al. (1992) showed the magnitude of the loss to be influenced more by weather than
by soil type or previous cropping, particularly rainf;all in the 3 weeks following application.
They also noted a tendency for losses of fertiliser N to be greater when N applied exceeds that

required for maximum yield.

" In conclusion then from the literature, true recovery of fertiliser N in the above ground crop
as determined by '"N-label experiments varies widely, from' 30-87% of that applied.
Corresponding apparent recovery, where reported, is similgrly variable, but generally higher.
Recovery of *N-labelled fertiliser N in the soil, however, is much less variable, invariably

around 20% of that applied.
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v) covery of Foli ied N

There is little information in the literature regarding the recovery of early foliar applications of
N sprayed onto the foliage as a substitute for soil applied fertiliser N. A number of experiments
have been carried out, however, in which *N labelled urea has been applied to the foliage

around the time of anthesis to increase grain protein content.

The only study with respect to early foliar applications of N was done by Poulton ef al. (1990).
15N labelled f"ertiliser was used to assess the benefits of supplying the major part of a winter
wheat crop's N requirement as foliar urea rather than conventionally via a solid application of
urea ammonium nitrate mixture (UAN) to the soil. On average, foliar and soil applied N were
recovered equally by the crop, with 40-46% of the labelled N in the grain and 8-11% in the
straw (+ chaff). Less N was recovered in the soil for the foliar urea than the soil applied UAN;,
1-11% and 24.5% respectively. Overall therefore, the amount of fertiliser N lost from the crop-
soil system was larger (30-40%) for foliar urea than for soil applied UAN (23%). However, the
rate of N applied was high (242 kg N/ha), particularly in view of the high soil mineral levels in
the spring. The unlabelled foliar urea was also applied at a relatively high N concentration to
what would appear to have been a well developed crop; labelled foliar urea applications were
made from 9 May to 18 June. Leaf scorch, exacerbated b§ the use of a wetting agent, was
recorded and was implicaéed in the yield reduction recorded for foliar N compared to soil
applied UAN. Further, at harvest, soil samples were only taken to 5 cm on the foliar urea plots
compared to 70 cm on the solid fertiliser plots. Any labelled N present in roots or soil below

5 cm would not have been recovered for the foliar urea treatments.
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Considering those trials in which foliar urea has been applied as a late season spray to increase
grain protein content; Smith ef al. '(1991) working in Australia applied 50 kg N/ha as N
labelled foliar urea to spring wheat at heading and measured *N recovery in the plant-soil
system and NH; loss directly. Recovery in the plant was 69% and in the soil 12%, however, soil
samples were only taken to 15 cm. Of th_e 19%Aloss by N balance, 4% was accounted for by
direct measurements of volatilisation. There was evidence to suggest that this was from N
washed onto the soil rather than directly from the leaves. The remainiﬁg 15% was attributed
to losses by denitrification for urea reaching the soil surface either directly during spraying or

having been washed off leaves following heavy rainfall.

Powlson er al. (1989a) applied 40 kg N/ha as '*N labelled foliar urea (as two 20 kg N/ha
dressings separated by 1-2 days) at one of six timings around anthesis to a winter wheat crop
which had already received 210 kg N/ha as soil applied ammonium nitrate in spring. At harvest,
total recovery of labelled foliar urea in the above ground plant dry matter was between 58-70%
of the 40 kg N/ha applied. Recovery was greatest for urea applied at anthesis (GS 65) and least
for that applied latest (GS 73). Recovery of urea applied at other timings between GS 39 and
69 were not significantly different. Recoveries in the grain followed the same general trend, |
with maximum recovery from the anthesis application. Between 30 and 42% of the fo'liar
applied N was unaccounted for. Of this, up to 2% could have been in the stubble which was
not sampled. Some of the remaining unaccounted for N would have been in the soil which was

not analysed.

It is notable that the first two application dates in this experiment (Powlson ef al., 1989a)

coincide approximately with the last two application dates of Poulton et al. (1990). Powlson
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et al. (1989a) observed no scorch and the recovery of foliar N by the crop for the

corresponding spray dates was higher (64-66% c.f. 45-54%)).

In an earlier study, Powlson et al. (1987a) reported a range in recovery in the harvested crop,
between 45-77% (me@ ‘62%) for 30 kg "*N/ha applied to the foliage of winter wheat, half
before anthesis (GS 37-39) and half after anthesis (GS 69-73). The crop had previously
received sufficient fertiliser-N via the soil in spring to achieve maximum yield. In this
experiment, neither chaff nor stubble were sampled, though on the basis of other results
(Powlson ef al., 1986a) N in chaff and stubble would have probably accounted for less than a
further 5% of the labelled N applied. Again no attempt was made to measure N in the soil due

to the very low label used (1.505 atom % excess '°*N).

In both of the latter experiments (Powlson e al., 1987a and 1989a), a greater propdrtion of
the labelled N was recovered in the grain than is normally the case for fertiliser applied to the
soil earlier in the year. In both the experiments, volatilisation from leaves was suggested as a

probable main cause of loss.

In conclusion, a number of studies with foliar applied urea around anthesis, have indicated that
the N is recovered as efficiently by the crop as earlier soil applications and a greater proportion
of the N is rer;overed in the grain. Only one study has been reported in which the main soil
applied spring N application was substituted for foliar applied urea. While N was recovered by

the crop as efficiently as soil applied N, overall losses were larger.
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2.3  Nitrogen in Crop Production

2.3.1 Yield Response to Nitrogen

i) enti e lication:

Given the extent of the published work relating to nitrogen in crop production, in no way is this
review expected to be definitive. Further, reflecting the title of the thesis, in reviewiné the effect
of nitrogen and foliar urea on the crop, the emphasis is placed on the physiological basis of the

Crop response.

Nitrogen is essential for plant growth. It is a component part of essential cell constituents:
chlorophyli, nucleic acids, enzymes and the plant cell wall. Nitrogen is not the only vital
nutrient; phosphorus, potassium and magnesium aﬁd micro-nutrients all play key roles,
however, while all nutrients increase the growth and yield of cereal crops, nitrogen has the

largest effect and is the key to yield (Addiscott ez al., 1991).

;I‘he response of cereal yields to fertiliser N' is well documented (Sylvester-Bradley e al.,
1984a; George, 1984), it generally follows the pattern of diminishing returns (Figure 2.7). Thus
while application of fertiliser N commonly doubles cereal yields, the last tenth of the yield
requires more than half of the applied N (Sylvester-Bradley et al., 1990b); the implication is
of great ineﬂiciéncy. The optimum nitrogen application (N-opt), the point at which the return
from the increase in grain yield is equal to the cost of the extra fertilizer, is often close to the
point of maximum yield (Sylvester-Bradley, 1993). The range of N-opt and the rate of response
to nitrogen for winter wheat is large, Sylvester-Bradley ef a/.(1984a) report a range of response .
between zero N and N-opt of 12 to 24 kg grain/kg N. This variation has often been loosely’

attributed to differences in weather, soil, variety, yield and husbandry factors, however,
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Sylvester-Bradley et al.(1984a) found that the variation in response to N could not be
adequately explained by differences in weather or soil N index. Application in excess of N-opt,
has consequences for both crop performance and nitrate pollution. Increased N uptake by the
plant increases vegetative growth and reduces the mechanical strength of_ tissues predisposing
crops to lodging and attack by insects and fungal disease, and unwanted N is left in the soil
increasing the risk of nitrate pollution (Addiscott et al., 1991). The variation in the response
to N is greater at higher rates of N applied (Georg;e, 1984) and it is likely that this is associated

with the increased risk of disease and lodging at higher rates of N.

Grain yield (tonnes/ha)

[+] 50 100 150 200 240
Nitrogen applied (kg/ha)

Figure 2.7 Effect of N applied on grain yield (adapted from Addiscott e al., 1991)

ii) Foliar Urea
The majority of experiments reported in the literature refer to the late application of foliar urea,
from flag leaf emergence to and after anthesis, applied as a supplement to rather than as a

substitute for conventional soil applied N. As with conventional soil applied N, the yield
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response reported in these studies is highly variable. A number of studies have reported a yield
increase (Smith et al., 1987; Lawlor et al., 1989; Dampney & Salmon, 1990; Gardner, 1956;
Amold & Dilz, 1967; Gooding et al., 1991, Penny et al., 1983; Sylvester-Bradley ef al., 1984a,
Sylvester-Bradley et al., 1990c; Thorne & Watson, 1955), in a large number of experiments
no effect on yield has been observed (Pushman & Bingham, 1976, Currie, 1988 (Yugoslavia),

Rule, 1987; Smith ef al., 1987 and Smith ez al., 1991 (Australia), Gooding et al., 1991, |
Peltoneﬁ et al., 1991, Powlson et al., 1989a; Powlson ét al., 1987a; Sylvester-Bradley ef al.,
1984a) and in a minority of experiments a yield reduction has bee_n reported (Dampney &
Salmon, 1990; Sylvester-Bradley ef al., 1984a and Sylvester-Bradley ef al., 1990c). Gooding
and Davies (1992) attribute the variation in yield resporise with late foliar urea to three factors:
Time of application has an important effect, on average yield response declines as application
is delayed beyond flag leaf.emergence. Supply of nitrogen from the soil is also important,
response to foliar urea is reduced as the availability of soil nitrogen reserves increases. Finally,
leaf scorch and possibly other phytotoxic effects are implicated where yield reductions have

been reported.

Few studies have been found in the literature where foliar urea has been used to entirely replace
the main N application conventionally applied to the soil at GS 32: In the experiment of Poulton
et al. (1990), repeated urea sprays (40 kg N/ha x 4) applied between GS 32 and S1 reduced
grain yield by 0.69 t/ha compared to 160 kg N/ha applied as a solid urea ammonium nitrate
mixture to the soil at GS 32. Scorch, possibly exacerbated by the use of a wetting agent, was
implicated in the yield reduction for the foliar treatments. However, the altered timings of
application and the use of a mixture of nitrogen fertiliser for the soil applied treatment, may

have contributed to the effects. Kettlewell and Juggins (1992) reported no significant difference
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in yield between fertiliser treatments for 125 kg N/ha applied either as solid ammonium hitrate
or as a number of foliar urea sprays between GS 30 and 37, though there was an indication that
foliar urea may have reduced yield for those treatments receiving the largest quantity of N in
any one foliar spray and for which the most scorch was observed. Warden and Kettlewell
(1993) have reported no reduction in yield for up to 210 kg N/ha applied as foliar urea at GS

32 and levels of scorch up to 17%.

2.3.2 Physiological Basis of the Yield Response to Nitrogen

Grain yield of a cereal crop is a function of total biomass production during the growing season
and the fraction of the biomass apportioned to the grain (harvest index) (Green, 1984). A
consideration of the physiological basis of the effect of N on grain yield can be conveniently
divided into its effect on above ground dry matter production and its effect on the partitioning

of the dry matter to the grain.

i) Above Ground Dry Matter Prgdug_t'ion

Gallagher & Biscoe (19782) demonstrated a strong positive correlation between the rate of dry
matter production and intercepted radiation for cereals during the vegetative phase. The
implication is therefore, that for a given level of incident radiation, above ground dry matter
depends on the fraction of the radiation absorbed by the foliage and the efficiency with which

the absorbed radiation is converted to dry matter (Biscoe & Willington, 1984).

The intercepted radiation depends on the green area index (defined as the area of green lamina,
sheath and ear per unit area of ground) produced (Monsi & Saeki, 1953). Leaf orientation also

affects light interception, however, with the exception of extreme variations in leaf angle, a
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green area index of 5 is considered optimal for cereals, intercepting 90% of the incident
radiation (Sylvester-Bradley & Scott, 1990). It follows then, that the expansion of green leaf
area and its persistence governs the amount of light intercepted, and dry matter production will
be limited by factors which restrict early leaf growth (until a green area 'index of 4-5 is reached)

and which cause premature and rapid leaf senescence.

For cereals the efficiency of conversion of radiant energy to dry matter is in the order of 1.9 -
2.2 g DM/MJ (Sylvester-Bradley & Scott, 1990). While this efficiency declines as green area
is lost and photosynthetic activity reduces during senescence, with the exception of extreme
deficiency, nitrogen nutrition has little or no effect on it (Sylvester-Bradley ez al., 1990b;

Willington & Biscoe, 1984; Green, 1984).

Given the relative insensitivity of the photosynthetic activity of the canopy to nitrogen,‘it
follows that nitrogen affects total dry matter production and grain yield largely by influencing

intercepted radiation, due to its effect on leaf area production and persistence.

a) I ion

Notwithstanding differences in plant population, leaf area production is governed by: the rate
of leaf initiation and appearance, leaf number, the rate of leaf expansion and final leaf size.
Nitrogen does not affect the rate of leaf initiation and appearance or the number of leaves on
an individual main shoot or tiller, but it increases the size of individual leaves (Puckeridge,
1963; Milthorpe & Moorby, 1979; Biscoe & Gallagher, 1978; Willington & Biscoe, 1984,
Sylvester-Bradley et al., 1990, Sylvester-Bradley & Scott, 1990). Nitrogen increases leaf size

by increasing the rate of leaf expansion (Gallagher, 1976; Biscoe & Gallagher, 1978; Sylvester-
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Bradley & Scott, 1990) and Sylvester-Bradley ez al.(1990b) have implied that this may be a
direct effect of increased water content of the tissues, associated with increased N uptake,

causing the tissues to expand.

While N does not affect the number of leaves per stem, it does affect tillering and thereby
affects stand leaf number. The effect .of nitrogen on tillering depends on time of application.
Early nitrogen (applied before or during tillering) increases tiller number by increasing both
tiller production and survival (I;anger, 1980; Darwinkel, 1983; Garcia de Moral ef al., 1984,
- Nair & Chéttetjee, 1990, Sylvester-Bradley & Scott, 1990; Biscoe, 1979). Late N, applied at
stem extension, increases tiller survival but has no effect on tiller production at the nonngl time
(Gallagher & Biscoe, 1978b, Willington & Biscoe, 1984, Sylvester-Bradley & Scott, 1990;
Darwinkel, 1983). The effect of N on tillering has a greater influence on gre.en area index than

its effect on leaf expansion (Spiertz ef al., 1984, Sylvester-Bradley et al., 1990b).

b) Leaf Area Persistence

The persistence of leaf area influences the time during which radiation can be absorbed. As
most of the carbohydrate in grain is produced by photosynthesis after ear emergence, it is to
be expected, that grain yield is closely correlated with photosynthetic area present after ear
emergence. Leaf area duration (LAD), the integral of leaf area index with time, takes account
of both leaf area and its persistence, and LAD from ear emérgence to maturity has been shown
(for leaf area indices at anthesis up to the optimum), to be closely correlated with grain yield

(Thorne, 1973).
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_ Leaf area persistence is determined by the onset of senescence and the rate of senescence. The
rate of senescence is accelerated in crops which are deficient in N. This has been attributed to
the tmslo@tion of N from fully expanded leaves, to meet the demand for nitrogen by rapidly
growing vegetative parts and the grain that cannot be met by absorption through the roots,
leading to general disruption of the leaf cells (Milthorpe and Moorby, 1979). Application of
fertilis;.r N has been shown tAo delay senescence (Thorne and Watson, 1955; Spiertz and Ellen,
1978, Ellen and Spiertz, 1980). Sylvester-Bradley et al. (1990b) have suggested that the size
of the crop's canopy is directly proportional to the amount of N it has been able to acquire; for

cereals 30 kg N are required to produce 1 hectare of green surface.

In the context of the physiological basis of the effect' of N on above ground dry matter
production, the rationale to date for the use of foliar urea is the supply of supplementary N to
delay senescence and increase green area index. A report by Garcia and Hanway (1976) in the
USA, that a foliar urea spray incorporating P, K & S applied to soya bean during the seed
filling period increased yield, prompted further work. However, Below ef al. (1984a&b and
1985) working with maize reported that foliar applications of a complete nutrient mix
containing urea or urea alone, did not delay senescence and no effect on stover weight or grain
yield was recorded. Hageman and Below (1990) citing Thomas and Stoddart (1980), suggest
a possible explanation as to why the supplementary foliar urea applicationsfail to maintain
photosynthetic activity in these studies. Th;ey note that for some plant species the chloroplast
genome appears to become non-functional at the time the leaf reaches full expansion. The
chloroplast genome provides the template required for the synthesis of ribulose bis-phosphate

carboxylase (RuBPcase). If the maize genome becomes non-functional at the time of full leaf
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expansion no further RuBPcase .can be synthesised thereafter. If this is the case, then
application of supplemeﬁtary foliar N to maintain photosynthetic activity will not be successful

until a technique is found that will derepress the chloroplast genome.

More recently, however, Lawlor ez al. (1988 and 1989) have reported that foliar urea applied
to winter wheat after flag-leaf emergence but before ear emergence, delayed senescence and
prolonged photosynthetic activity by about one week and an increase in grain yield was
recorded. The reason for the positive response observed in this study compared to those with
maize may be due to the chloroplast genome in wheat continuiﬁg to t{e active after the flag leaf

has reached full expansion.

The observation by Sylvester-Bradley et al. (1990b) that the size of the crop's canopy appears
to be directly proportional to the amount of N it has been able to acquire may provide a more
novel rationale for the use of foliar N. Physiologically it may be more efficient to match
nitrogen applications to the crop's requirement for canopy growth rather than supply the bulk
of the N as a single or split dressing as is currently recommended. This could be achieved by
supplying smaller amounts of N more frequently but at specific times to produce the optimum
green area index. Foliar N may be a rﬁore efficient method of supplying N for this purpose
during the late spring and early summer when dry soils would prevent the uptake of solid N
fertilisers. However, in the experiment of Poulton et al. (1990), supplying the bulk of the
nitrogen requirement of winter wheat as foliar sprays rather than as a soil application, reduced
tofal above ground dry matter at harvest and grain yield. This may have been attributable to

severe leaf scorch caused by the foliar sprays, which would have reduced green area index.
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ii) The Effects of Nitrogen on Dry Matter Partitioning

The previous section considered the physiological basis of the effect of N on above ground dry
matter production in relation to its effect on grain yield and reviewed reports in the literature
relating to foliar applied N in this respe'ct. In determining final grain yield, the partitioning of
the above ground dry matter between the grain and other parts of the plant is important. The
ratio of grain ﬁeld to total dry matter yield is called the harvest index (HI) (Donald and
Hamblin, .1976). It follows, that the harvest index will be affected by factors which influence
above ground dry matter production and grain yield to a different extent. In this section the
effect of N on the components of grain yield will bé considered first, and than the effect of N
on these components relative to above ground dry matter production, i.e. the effect of N on

harvest index.

a) The Effect of N on the Components of Grain Yield

The components of grain yield can be considered as the product of the number of ears per unit
area, the number of grains per ear and the average grain weight (Thorne, 1966). No single yield
componeni predominates in determining yield. However, Gallagher and Biscoe (1978b) noted
that a large number of grains per unit area (the product of ear number and grain number per

ear) were correlated with large yields.
The effect of N on tillering has already been outlined in the context of the effect of tillering on

leaf number. Nitrogen increases the production and survival of tillers and therefore the number

of ears per unit area.
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Nitrogen increases the number of grains per ear, but the effects tend to be smaller than the
effect on ear population. Grain number per ear is a function of the number of fertile spikelets
per ear and the number of grains per fertile spikelet. Nitrogen increases the number of spikelets
per ear, the effect has been shown to be due to increased rate of spikelet initiation with little
‘effect on duration (Whingwiri and Kemp, 1980; Whingwiri and Stern, 1982). Nitrogen is most
effective at increasing spikelet production when applied during tillering at or close to the double
ridge stage (i.e. close to the start of spikelet initiation), later applications, from floret initiation
to ear emergence, increase the number of grains per fertile spikelet (Langer and Lievy, 1973;
Darwinkel, 1983; Single, 1964). The gﬁ'ect of nitrogen on grains pel: fertile spikelet could be
due to effects on floret production and/or floret survival. However, floret production, unlike
spikelet production, has not been found to be affected by nitrogen (Langer and Hanif, 1973,
Whingwiri and Stern, 1982). The implication therefore, is that nitrogen applied arouﬁd. terminal
spikelet increases grains per fertile spikelet by reduéing floret abortion. Spikelet death is also

likely to be reduced.

Grain wefght is determined by the supply of assimilate from current photosynthesis or from
storage during grain fill. While as noted, nitrogen fertiliser increases leaf area duration and
therefore may be expected to increase grain weight, it also increases grain set. Ultimately, the
effect of nitrogen on grain weight will depend on its effect on these parameters relative to each
other i.e. source / sink relationships within the plant in particular on green area duration per
grain (Hay and Walker, 1989). In practice, nitrogen application has either little effect on grain
weight (Batey and Raynish, 1976; Evans, 1977, Gallagher ef al., 1975) or results in modest
reductions at higher rates of N applied (Watson, 1936; Batey and Reynish, 1976; Batey, 1976,

Dyson, 1977, Pearman et al., 1978), due to increased competition for carbohydrate supply from
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increased grain numbers. Of the three yield components, grain weight is generally conservative
(Green, 1984) and while the above effects on grain weight are noted, grain weight is less

affected by nitrogen thaﬂ ear population or grains per ear (Nair and Chaterjee, 1990).

b) ct of Nitrogen on Harvest Index
While N can potentially increase all of the yield components, given that harvest index is the
ratio of grain yield to above ground dry matter, the effect of N on harvest index depends upon

its effect on the components of yield relative to its effect on above ground dry matter

production.

Donald and Hamblin (1976) in a review of the subject, report that application of N to cereals
commonly gives an increase in above ground dry matter production and a corresponding
decrease in harvest index, they also note the interaction of nitrogen with water in its effect on
harvest index. They report that in investigations where soil water was adequate, N application
increased above ground dry matter production and decreased harvest index, however, the
percentage increase in above ground dry matter production exceeded the percentage decline
in harvest index and an increase in grain yield was recorded. When water supply is limited,
however, the decrease in harvest index associated with N application is more marked and can
exceed the increase in above ground dry matter production, and grain yield is reduced. The
interaction between water and nitrogen application on harvest index is attributed to the
increased vegetative growth causing depletion of water reserves with the consequent negative
effects on the yield components. The decrease in harvest index due to N when water is not
limited, is attributed to the effect of heavy vegetative growth on light relationships within the

canopy adversely affecting ear initiation and grain development.
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In a more recent review of the subject, Hay (1995) reported that N application up to N-opt
generally has little effect on harvest index, bﬁt use of super optimal rates of N tend to cause
small but significant reductions in harvest index. A consideration of the data cited by Donald
and Hamblin (1976) regarding the effect of N on harvest index where water supply was not
considered to be limited, indicates that the greatest reductions in harvest index only occurred
at rates of nitrogen applied over what would have been considered to be optimal for the site
at the time. Hay (1995) also notes that from a range of investigations, there is no indication that
timing of N appliéation affects harvest index. This is surprising, later N applications around
terminal spikelet increasing the number of grains per spikelet as noted earlier, with little effect
on vegetative growth relative to early (tillering) applications, should increase harvest index.
Thorne and Wood (1982), have reported that winter wheat crops given N later (mid April) had
higher harvest indices than those given N earlier (early March), due to reduced leaf and stem
dry matter production at and after anthesis. Consideration of the investigations cited by Hay
(1995) (McLaren, 1981; Darwinkel, 1983; Peltonen, 1992), shows that harvest index did
generally increase vﬁth later applications of N, however, the ;nagnitude of this increase was -

small and statistically significant only in a few instances.

Eﬁ'ectively then, N increases above ground dry matter production at the expense of the yield
components and harvest index is reduced, and the effect is more marked where water supply
is limited. Up to N-opt, the reduction in harvest index is limited, at super optimal rates of N the
reduction is still small but is significant. Further, the effect of N timing on harvest index ts

limited.
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The effects of N on harvest index as reviewed here, are in accordance with the observation that
under normal conditions the harvest index of wheat and barley is generally conservative and
does not vary systematically with yield (Gallagher and Biscoe, 1978b). It follows then, that the
effect of N on grain yield is mainly a reflection of its effect on above gro!md dry matter
production, harvest index being relatively constant. The linear relationship between grain yield
and total dry matter production is a generally recognised phenom.enon (Green, 1984, Biscoe

and Willington, 1984).

c) f Foliar Urea on the Components of Yield and Harvest Index

While a number of reports can be found in the literatﬁre regarding the effect of foliar urea on'
the components of grain yield, few consider the effect on grain yield in relation to total dry
matter production i.e. harvest index. Reference to the effect of foliar urea on harvest index is
therefore limited to those investigations where it was recorded, or where sufficient date_l is
reported to permit its calculation. Most of the references cited here refer to the application of
foliar urea to supplement the main N application rather than as a substitute for it, reflecting

interest to date in the use of foliar urea as a late N supplement.

All yield components have been reported to be influenced by foliar urea according to time of
application. A review of the effects of foliar urea on yield components and harvest index is

therefore most logically considered according to time of application.

Early applications of foliar urea, during and at the end of tillering, have been reported to

influence ear number and grains per ear: Hanley et al. (1966), in some early work reported that
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50 kg N/ha as urea sprayed onto the foliage during tillering had no effect on ears/m? but
significantly increased the number pf grain bearing spikelets per ear compared to zero N plots.
Compared to N applied as a solid at the same time, however, yield responses were inferior, due
to the soil applied N increasing the ears/m”. All N treatments caused small reductions in grain
weight. Sarandan and Giani.belli (1990) in Argentina reported that 20 kg N/ha applied at the
end of tillering increased grain set due to increased ears/m’ and grain number/ear. The number
of spikelets per ear was not affected, the implication is therefore an effect on floret number per
spikelet. Grain weight was not affected. Grain yield, above ground dry matter and harvest index

were all increased, indicating more efficient partitioning of the dry matter to the grain.

Foliar urea applications at flag leaf and anthesis have been reported to inﬂuerice grain number
per ear and grain weight: Peltonen (1992) investigated the effect of a supplementary 20 kg N/ha
applied as foliar urea over four stages of ear development under glasshouse conditions.
Maximum effect of foliar urea on floret numbers was recorded for N applied around GS 39 and
this was reflected in an increase in grain number per ear and grain yield gt harvest, above
ground dry matter also increased and no effect on harvest index was recorded. Supplementary
foliar urea applied at anthesis significantly increased harvest index compared to foliar urea
applied at GS 22, this was associated with an increase in grain weight, with no significant effect
on grain number per ear. Sadaphal and Das (1966) in India, have reported that foliar urea
sprays applied at ear emergence and anthesis increased grain number per ear and grain weight.
The increase in grain yield was not supported by a corresponding increase in total dry matter,
and harvest index therefore increased. Amold and Dilz (1967) reported a positive effect on
yield of applying 11 kg N/ha as foliar urea just prior to or at ear emergence. The yield increase

was associated with an increase in the number of grains per ear, a slight reduction in grain
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weight was recorded. Strong (1982) in Australia, reported that the increased grain yield for
foliar urea applied at booting was due to increased grain number per ear and grain weight,
though the latter was not significant. Similar responses were observed for N applied t.o the soil
at the same time, though this was likely to be attributable to good soil water relations at the
time the solid N was applied, irrigations were timed to follow applications. However, yields
were still below those where all of me N was applied at planting. Lawlor et al. (1989) reported
increased grain yield due to about equal increases in grain number and weight, for 40 kg N/ha
applied as foliar urea after flag leaf emergence prior to ear emergence and Penny et al. (1983),
have reported a positive effect on grain weight of 50 kg N/ha applied as foliar urea at ear
emergence and anthesis. In contrast to these positive effects, however, Peltonen e al. (1991)
found no significant effect on grain number per ear or grain weight of 20 kg N/ha applied as
foliar urea at heading and Powlson et al., (1987a and 1989a) reported no effect on grain weight
of foliar urea applications at flag leaf to just after anthesis. Gooding (1988) has reported
contrasting effects on grain weight and grain number in two successive years for foliar urea
applied between flag leaf emergence and a-nthesis; yield effects appeared to be largely related

to effects on grain number.

In the experiment of Poulton ez al. (1990), in which substitution of the main soil application
with foliar urea applications applied between GS 32 & 51 res-sulted in a reduction in grain yield,
no data on the effects on individual yield components was presented. However, the reduction
in grain yield was accompanied by a proportional decrease in total dfy matter production and

harvest index was unaffected.

74



Foliar urea applied at anthesis has been reported to influence grain weight. Strong (1982) and
Smith et al.(1987) have reported anthesis applications to increase grain weight, however,
Pushman and Bingham (1976) reported no such effect. Later applications, after anthesis,
usually have no effect on grain yield or its components (Strong, 1982; Sarandan and Gianibelii,

1990).

2.3.3 Uptake of Foliar Urea

i) Mechanisms and Eathway; of Uptake

In order to enter the cells of the leaf, foliar applied nutrients must cross the cuticle, cell wall and
plasma membrane of the epidermal cells. The cuticle is non-living and usually consists of an
outer layer of cutin and wax and aninner layer of cuti.n, wax and cellulose, though additional
layers have been reported in some leaves (Kannan, 1986a). Oﬁginally it was considered that
stomata provided a means by which nutrient solutions may cross the cuticle, however, the walls
of the stomatal opening and cavity are also covered with cuticle and further, the stoma are filled
with gas and a high pressure would be needed to displace this (Franke, 1986). It is now
considered that nutrient solutions cross the cuticle via gaps in the outer wax layer and then via
intermolecular spaces within the cuticle proper, free hydrophilic hydroxyl and carboxyl groups
projecting into the intermolecular spaces facilitating the passage of water and substances
dissolved in it (Franke, 1986). Larger pores and channels are present in the cuticle through
which wax is extruded to the outer surface, but these are not considered to serve as a pathway

for the transport of solutes (Kannan, 1986b).

According to Franke (1986), absorption does not take place throughout the entire cuticle but

at localised areas on it. He notes that these coincide with the position of ectoteichodes which
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project into the cuticle from the cell wall below, and ;oncludes therefore that a preferred area
for penetration of the cuticle exists above an ectoteichode. Trichomes, hair-like projections of
the epidermis, have also been implicated in increasing the permeability of the cuticle, their
movement disrupting the physical arrangement of the wax (Schénherr and Bukovac, 1970).
Further, stomata while not providing a direct means of access across the cuticle may be
indirectly involved; permeability through stomatous cuticles is generally easier than through
astomatous ones, it has been suggested that this may be due to the cuticle being thinner where

it covers the stomatal cavity (Kannan, 1986a).

The mechanism of uptake of nutrient solutions across the cuticle is by diffusion from a high
concentration on the outside to a low concentration in the intermolecular spaces of the cuticle
‘ and interfibrillary spaces of the cell wall (Kannan, 1986a). In addition, there is evidence for the
facilitated diffusion of urea, urea has been reported to alter the bonding between the macro

molecules of the cutin increasing the permeability of the cuticle (Yamada et al., 1965).

The wall of the epidermal cell beneath the cuticle consists of a mixture of cellulose, pectin,
hemi-cellulése and some waxes and its structure is that of inter linked fibrils (Franke, 1986).
The interfibrillary spaces have a diameter down to 0.01 pum and are continuous with each other,
as such the cell wall is permeable to water and solutes and movement across it takes place by

diffusion as in the cuticle (Franke, 1986).

Franke (1967) implicated specialised plasrhitic structures called ectodesmata or ectoteichodes
in the transport of solutes across the cell wall, however, Schonherr and Bukovac (1970)

dismissed these as artifacts of the staining technique used. Franke later agreed (Franke, 1971)
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that these bodies were not morphological entities, but rather hollow spaces in the cell wall.
Given the permeable structure of the cell wall as outlined above, Kanngn (1986a) conciudes
that.ectodesmata, even if present, would be of little significanceé with regard to permeability.
The presence of such structures in the cuticle, however, would aid permeability, and Franke
(1967) has depicted ectodesmata as forming a continuum from below the epicuticular wax
across the cuticle ar;d cell wall and considers that they facilitate the entry of solutes across the

cuticle as well as the cell wall (Franke, 1971).

The plasma membrane represents the final barrier to the uptake of nutrient solutions. It is semi-
permeable and thus only small water molecules can penetrate it by diffusion (Franke, 1967)..
Transport of solutes across the plasma membrane takes place by active transport, the energy

required derived from photosynthesis or respiration (Kannan, 1986b).

ii)  Rate and Pattern of Uptake

There are abundant reports in the literature that foliar urea is rapidly taken up following
application. Foliar uptake has beeninferred, but not proved, by monitoring depletion of foliar
applied urea from the leaf surface. Using this technique Bowman and Paul (1989, 1990a, and
1992) in the USA have reported for a number of grass species in a controlled environment, that
between 55 and 70% of the applied N is taken up within 48 hours; and Bowman and Paul
(1990b) have reported uptake of 80 to 100% of applied N within 48 hours for Kentucky blue
grass turf under field conditions. In all cases the pattern of uptake characteristically followed
an initial phase of rap-id upta