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Abstract: The chemistry of nitrogen and phosphorus fertilisers are discussed in some detail in order to understand their
role in the environment, Eutrification and acidification are examined to elucidate the causes and establish links with
farmting and fertiliser practices. Cadminm is examined in detail because it is a heavy metal dangerous to health, and
phosphate fertiliser is the main source. It can generally be said that except on very sandy soils, sensible fertiliser use
should seldom present a threat 1o the eavironmeni. By contrast, withholding fertiliser may lead to erosion if plant cover

INTRODUCTION

he use of fertilisers to boost pasture productivity is now

an essential part in increasing productive capacty in
any enterprise involving grazing animals. The main fertilis-
ers are those containing phosphorus and nitrogen, although
on some soils or where hay and silage are made, potassivm
may also be used.

Sensible use of these fertilisers at normal rates has not
normally presented any hazards to the environment. How-
ever, under cerain conditions (ie. drainage to ground water
on very sandy soils), there has been pollution of the envi-
ronment by fertilisers. This paper looks at the fate of fertdl-
isers applied to pasture and discusses the problems which
may ocour.

CHEMISTRY OF FERTILISERS APPLIED
TO SOILS

NITROGEN

In many agriculioral systems (but not commonly in
Australia or New Zealand), major inputs of nitrogen fertil-
isers are used to supply most of the nitrogen needed by
plants. Fertiliser nitrogen interacts with soil components
through biological and chemical processes, and soon after
their application Lo the soil, most nitrogen compounds can-
not be found in the form in which they were applied. An
understanding of: {1} the reactions of nitrogen in the soil;
(2) the sources of nitrogen for plant growth other than
fertiliser; and, (3) the pathways for loss of nitrogen from the
system, is needed in the development of sound farm man-
agement programs.

Here we will consider, in a general way, the amounis and
forms of nitrogen in the environment and how these are
affected by the use of nitrogen fertilisers.

On farmed land, most of the nitrogen is in the soil
organic matter. This contains 2000 (o 12000 kg N/ha. This

nitrogen is not normally available to plants. The amount of
soil inorganic nitrogen [ammonium (NHs+) and nitrate
(N(-}], which is the fraction that is immediately available
to plants, will vary greatly depending on the time of the year,
the fertiliser treatment, and propertics of the soil, but it is
seldom greates than about 100 kg N/Ma. In a soil which has
not received nitrogen fertiliser, it is usually less than 50 kg
Na.

Forms and transformations of nitrogen

Gaseous forms of nirogen in the soil atmosphere and
dissolved in the soil solution include: elemental nitrogen
{N2); nitrous oxide (N20); and, ammonia (NH3). Inorganic
forms are: ammonium (NHs+); nitrite (NO2-); and, nitrate
(NO3z-). Nitmte and nitrite exist entirely as ions in soil
solution while most of the ammonium exists in exchange-
able and clay-fixed forms and very little is in the soil
solution. Organic nitrogen in soil organic matter exists in
highly complex, poorly defined compounds.

The important physical, chemical and biochemical reac-
tions occurming in the nitrogen cycle are listed below:

The processes involved are as follows:

|. Mineralization: the microbial conversion of organic
forms of nitrogen to inorganic forms (organic matter
or urea o ammonia).

2 Immaobiization: the assimilation of inorganic forms
of nitrogen by plants and micro-organisms to organic
forms,

3. Nitrification: the microbial oxidation of ammonium
o nitrate.

4. Denitrification: the bacterial reduction of nitrite or
nitrate 1o nitrous oxide and elemental nitrogen.

5. Mitrogen fixation: the redoction of elemental nitro-
gen to ammonium and organic nitrogen by free-liv-
ing micro-organisms and micro-organisms
association with nodules in the roots of higher plants.
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Impact of nitrogen mismanagement

Several possible adverse effects from high levels of
fixed nitrogen, due (o man’s activities, have been identified.
These include:

1. high nitrate levels in drinking water,

2. eutrophication (nutrient enrichment) of lakes;

3. formation of carcinogenic N-nitroso compounds,
4, acid rainfall; and,

3. destruction of the ozone layer due to excess loss of
N20 during denitrification.

High nitrate levels in drinking waters are associated with
a disease of infants called methemoglobinemia. This occurs
only in infants less than three months of age, is readily
detected and completely reversible. The general consensus
is that it does not pose a large threat to human health.

High nitrate levels (10 mg NO3--N/L) have been found
in ground waters in New Zealand (Keeney and Gregg,
1982). No attempt has been made to identify the source of
this nitrate, although it has been sugpgested that intensively
grazed grass-clover swards were a likely source in the
Waikato, Drainage waters from grazed pastures in the
Manawatu have contained up to 20 mg NOs-N/L, and it was
considered that this nitrate came from leaching of urine-af-
fected areas of grazed pastures. Increasing areas of tile-
drained and nitrogen-fenilised land, and higher stocking
rales on pastures, could increase the problem of high-nitrate
ground waters.

Eutrophication of lakes and estuaries is associated with
high levels of both nitrogen and phosphorus in the water.
Phosphorus is regarded as the limiting nutrient in most
freshwater lakes, although there is some evidence that nitro-
gen is limiting in some. Nitrogen is almost always the
lmiting element in esmaries. In New Zealand, nitrogen
inputs from agriculture may be increasing the productivity
of near-shore waters, including the Avon-Heathcote estuary
near Christchurch and parts of the west coast of the North
Istand (Keeney and Gregp, 1982),

PHOSPHORUS

Australia is unigue among the
more developed countries in its
close dependence on phosphatic fer-
tilisers. These have until quite re-
cently accounted for 85-90% of our
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phorus. There are some imporiant exceptions, mainly in
northern New South Wales and south-eastern Queensland,
but unfortunately these are few.

The widespread occurrence of phosphorus deliciency is
the result of several unusual feawres of the geological and
pedological histories of the continent. These histories have
led o the development of many strongly leached, highly
weathered soils of low fertility, together with younger soils
which have been developed from pareént materials affected
by carlier phosphorus-depleting weathering cycles.

Following the commencement of cropping in Australia,
cereal yields declined steadily during the latter part of the
last century largely as a result of exhaustion of available soil
phosphate, From about 1900, cereal yields have increased
steadily following the recognition of the need for phospho-
rus and acceptance of the use of superphosphate. Although
other factors, including improved crop varieties, and helter
rotations and farming practices, have contributed (o these
increases, the continued use of phosphatic Fertiliser has been
essential (o them.

The use of superphosphate extended o pastures in the
192075 especially in association with the development of
subterranean clover as a pasture legume. This was to prove
an outstanding step in Australian agriculture because most
of our soils, in addivon o being deficient in phosphorus
were also nitrogen deficient. Imtally the introduction of the
legume was primanly intended o increase pasture produc-
ton but it has also provided the remedy for the deficiency
of nitrogen both in pastures and in crop rotations. [t has also
restored and maintained soil organic matter levels and soil
structure important (o much of our cereal cropping areas,
Phosphorus is essential to the growth of the clover so that,
apart from their importance in their own right in correcting
phosphoms deficiency, phosphate fertilisers have indirectly
played an essential role in providing a major part of our
nitrogen requirements for agriculture.

Between 1970 and 1980, Australia produced 4 million
tonnes of single superphosphate equivalent, 3 million
tonnes being applied as single superphosphate. 1f super-
phosphate was applied at the rawes recommended by exten-
sion workers, to the 20 million hectares of cereals and 267
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million hectares of fertilised pastures likely (o be in produc-
tion by the end of the decade, 8 million tonnes would be
required.

Unlike nitrogen the reactions of fertiliser phosphorus m
soils are extremely complex, with scientists still arguing
about the fate of applied P. Primarily, the end result is that
P forms compounds of extremely low solubility with wron
and aluminium. Recovery of P topdressed on a pasture may
be as low as 109 in the year of application, with P residues
becoming less available with time as illustrated in Figure 1.
The boxes in Stage 11 Aixation show the relative proportion
of phosphate fixed as Al-P, Fe-P and Ca-P. For example
under flooded conditions, more phosphate is fined as Fe-P
than is the case in soil at field capacity (Figure 1).

The clay fraction is the main site of phosphate fixation.
In the clay, the content of aluminium is much higher than
that of either iron or cilcium. Thercfore, the added soluble
phosphate is most likely 1o be fixed as aluminium phosphate
and not iron phosphate or calcium phosphate in the initial
stage of the reaction. As time clapses, the phosphates would
change to the less soluble iron phosphate. Since soil 1s a
heterogeneous system and the mobility of the ions in soml
moisture is also rather restricted, the rate of change is slow
and increases with the moisture content.

The important consequences of these reactions in deter-
mining fertiliser requirements and losses of P from the
system include:

» P doesnot move far from where it was placed because
of the mpid reaction and insolubility of the new
compounds. In all except very sandy soils it only
moves 1-5 mm from the fertiliser granule. This means
the surface applied phosphate is only available o
plant rools at the surface and when soil is moist.

= This lack of mobility also means that water soluble P
is seldom leached from soils. Any loss of P is usnally
in the organic form (manures) or when bound to clay.
Loss of either form only occurs when erosion takes
place. Even then (since it is not in solution), it does
not readily contribute to eutrophication. Only on very
sandy soils is water soluble phosphate leached into
drainage water. Lewis ef al. (1981) found that in the
south east of South Australia, up to 30% of applied
phosphorus was leached from sandy surface soils.

POTASSIUM

Except in the banana industry where very high rates (600
kg/ha) are applied, potassium applied to pastures should not
be a hazard to the environment It is held by the soil as an
exchangeable cation and is taken up by pastures fairly
rapidly. Leaching is only likely 1o occur on very sandy soils,
and it does not present the same problems in the environ-
ment as nitrogen and phosphonis.

EUTROPHICATION

Eutrophication refers to the growth of a particular algae
in dams and waterways. This algae produces toxins poison-
ous 0 both human and animal life. Both nitrogen and
phosphorus must be present in the water for it to grow,
Either element occurring on its own will not present a
problem. Most waters contain some nitrogen compounds

{often organic), and thus it is usnally the addition of phos-
phorus that allows these blooms to occur. The water is often
stagnant, f¢. no fow in dvers or in a dam.

The problem is given great promunence in the media
with agriculiure being blamed, £g. cotton growers polluting
the Darling when in fact they use no phosphate. This is not
only because agriculture s visible, but powerful lobby
groups hide the real culprit which in most cases is sewnge
effluent discharge.

Many papers (¢g. Raper, 1983) have demonstrated the
dependence of algal growth on phosphorus concentration in
the water and that P levels of 0,02 mg/L will not support
visible algal concentrations, even in clear water.

Phosphorus may be introduced into streams as run-off
from pasture, forests and fertilised land and in drainage from
wrrigated land and urban areas. These sources, though sig-
nificant in total, normally contribute low concentratons of
phosphorus, and are referred w as non-point sources. Point
sources, such as sewage or drainage from dairies and feed
lots, contribute smaller flows but contain higher concentra-
tons of phosphorus by several orders of magnide. Poinl
sources are more amenable to control, and are frequently
responsible for the majority of the phosphorus load in a
receiving body of water (Loehr, 1974)

Techniques for reducing the level of phosphorus in
run-off from agricultural land are based on the fact that the
phosphorus is largely in a particulate form or is absorbed on
soil or clay particles. Because there is little soluble phos-
phate present in the run-off, erosion control should suffice
to reduce phosphorus o acceptable levels (Lochr, 1974). On
the other hand, the phosphorus in point-source effluent is
largely in the water soluble form, while in urban or agricul-
tural drainage 50% or more is in insoluble forms. The
contribution of phosphorus loads in rainfall, runoff from
farests and pasture, and drainage and irrigation return flows
has been regarded as small, natwral and uncontrollable.
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Recently, the availability of detailed information on the
characteristics and magnitude of non-point-source dis-
charges has led 0 questions about the validity of prior
assumptions regarding their likely contributions to eutrophi-
cation, Loehr (1974) presented a compilation of data,
mainly from USA, which is summarised in the figure below.
The sources were compared both in terms of concentration
{mg/L} in run-off or drainage and in area yield (kg/halyr).
Although the range of results is frequently rather wide, data
from European areas are essentially similar (o those from
the Canberra arca (Raper, 1983).

GROUNDWATER POLLUTION

As discussed in the section under nitrogen, leaching of
nitrate may prescnt a serious health hazard. It also contrib-
ules i soil acidification. When high rates of nitrogen are
used or where clover grass pastures fix substantial nitrogen,
especially on sandy or permeable soils, inevitably some
nitrate is leached which may enter ground-water if there is
a water table. When this groundwater is used for domestic
supplies, there is the potential for a serious health hazard.

SOIL ACIDIFICATION - A NATURAL
PROCESS OFTEN ACCELERATED IN
AGRICULTURAL ECOSYSTEMS

Since soil acidification is soil degradation, any process
which contributes to acidification will in the long-run affect
the environment.

Legume nitrogen in many cases makes a significant
contribution to soil acidification, and since phosphorus fer-
tiliser is required for legume growth, a discussion of soil
acidification is appropriate. In addition, the various nitrogen
fertilisers available can have different effects on acidifica-
ton (se¢ Practical Strategies),

Acid sources

Soil formation usually proceeds from alkaling pH levels
(7 10 9) that characterise the weathering surface of most
parent rocks, (o soil acidity values of pH 3.5 10 4.5 in highly
weathered acid soils. In NSW. soils representing this mnge
of pH'S occur naturally. Some of our most acid soils (pH
4.0} are inherently acid and include the earthy sands of the
Dubbo-Narrabni (Pilliga) area. They are high in exchange-
able Al to depths of a metre or more. These soils have severe
production limitatons and have been largely left undevel-
oped for agriculiure.

The processes responsible for soil acidification have
been comprehensively reviewed by Porter and Helyar
(1987). The acids causing the acidification of agricultural
soils in NSW are derived mainly from the nitrogen and
carbon cycles. Nitric acid is produced during the nitrifica-
tion of N in proteins, and organic acids are produced in
plants from the neutral sugars produced by photosynthesis
from COz and water.

Aciditying processes

The major acidifying processes in NSW agricultural
SySlems are:

* Nitrogen addition through Nz fixation followed by
loss of NO) by leaching or run-off.

e Organic acid production from photosynthetically
fixed carbon, followed by: (a) the export of residually
alkaline organic anions in products, and (b} the accu-
mulaton of organic anions as soil organic matter.

* Nitrogen addition as fertiliser in the forms NHa,
NH4DOH, urea or NH4NOs coupled with leaching or
runoff losses of NOs- (one H'/NOs- lost).

= Nitrogen addition as fertilizer in the forms (MH4)z
S04 or NHaHzPO4 (moncammonium phosphate)
followed by loss as nitrate (two H'/NOa- lost).

Acidification rates

Typical acidification rates (expressed as the amounts of
lime needed o neutralise the acid added) for some agricul-
tural systems are:

1. 150 to 250 kg CaCOxy/halyr for annual subterranean
clover pastures in the 700-900 mm rainfall zone of
southern NSW,

20100 w 200 kg CaCOv/halyr for the S00-700 mm
rainfall pasture/crop zone of southern NSW and
north-east Victona;

3.75 to 150 kg CaCO/Mayr for perennial, grassiclover
pastures in the 750-1200 mm rainfall zone of north-
ern NSW: and,

4. lower acidificanon rates probably characierise the
lower rainfall areas, and possibly the higher rainfall
strongly perennial environments where soil pH val-
ues are already around 5.0 or below.

The main acids that cause soil acidification are carbonic
acid formed when carbon dioxide dissolves in water, nitric
acid formed when plant proteins or ammonium and urea
fertilisers are nitrified in soil, and various organic acids
formed by plants and micro-organisms. Some systems acid-
ify slower.

Management practices to reduce acidification

Management practices that contribute to reduced acidi-
fication rates have been reviewed by Cregan and Helyar
(1986). The practices are based on developing systems in”
which nitrogen and water are utilised more efficiently. As
well as acidifying more slowly, these are systems in which
the two inputs most critical to yields (N and water) are used
efficiently.

The main practices that lead to lower acidification rates
ares

1. Use less acidifying nitrogen fertilisers after consid-
ering the relative costs (see practical strategies).
2. Minimise nitrate leaching by:

* minimising water percolation below the root
zome: use perennial deep- rooted species; mini-
mise penods without active plant growth: and
avoid excessive irngation.

*  minimising nitrate leaching below the root
zome: all the above points for water manage-
ment, plus; incorporate stubbles into fallow 1o
minimise net nitrification; sow early 10 maxi-
mise the opportunity of the crop to recover soil
nitrate, vse deep rooted crops such as wheat or
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Figure 3: The relationship between the phosphorus and
cadmium contents of some Australian phosphate fertil-
Isers (Williams, 1977)

lucerne in preference Lo less vigorously rooting
crops such as lupins or possibly sunflowers; and
use perennial deep rooted species able 1o main-
tain low soil nitrate levels in all seasons, or
rapidly absorb mineralised nitrate at the break
of season,

3. Minimise carbon cycle acidification by:

*  minimising removal of products high in organic
anions. The lime required o balance product
removal in kg CaCOxtonne product, is 55-60
for lucerne and clover hay, 35 for grass hay, 22
for cereal hay, and 3 for cereal grain.

*  minimising waste product removal (sheep camp
management, dairy night paddock rotation).
* feeding hay on hay cutting paddocks.

*  using cropping rolations to minimise excessive
accumulations of soil organic matter under pas-
tures.

CADMIUM

Cadmium is important because it is a cumulative poison
and in recent years has come under suspicion as an environ-
mental contaminant that could prove harmful o human
health. Levels of cadmium in food crops that might prove
harmful are well below those at which plant growth is
affected.

Although threshold levels for long-lerm toxic effects are
not known with any certainty, the World Health Organisa-
tion has provisionally recommended that intake of cadmium
should be limited 1o 400-500 microgram per week. This
vilue, which undoubtedly contains a substantial safety fac-
tor, is not much higher than average dietary intakes in many
parts of the world including Australia. As a resulL all

sources of entry of cadmium into the food chain have been
closely smdied.

Fertiliser cadmium

The cadmium in phosphate fertilisers appears to be de-
nved enurely from the rock phosphate from which they are
made. This 15 indicated in Figure 3 which shows the rela-
tionship between cadmium and phosphorus in some Austra-
laan fertilisers and rock phosphates wsed for their
manufacture.

Soil cadmium

The amounts of cadmivm naturally present in soil are
statll, Generally there is less than 0.5 ppm and very com-
monly, less than 0.1 ppm. Thus although the amounts pre-
sent in lertilisers are also small - on average about 42 ppm
in Australian superphosphate - these amounts are relatively
large in terms of the amounts naturally present in soil,

Like any other metal, cadmium is strongly adsorbed by
soil and readily accumulates in it 3o that in the long-term,
additions from fertiliser can bring aboul appreciable
changes in the level of soil cadmivm. Application of 10
kg of superphosphate per ha will increase the cadmium
content of the surface 10 cm of soil by about 0.03 ppm. In
some soils this is sufficient to more than double the ongmal
confent

Plant uptake

The effect of the addition of cadmivm o s0il on the
cadmium content of plants varies greatly and s affected by
severnl factors. Plant uptake is vsvally small, and the
amount of cadmium finding its way into the plant tops rarely
exceeds 5 or 6% of that added o the soil. There are,
however, considerable differences between plant species.

For example the cadmium content of subterranean clover
was 3-5 times higher than that of cats grown under identical
condinons. This reflects a greater capacity of the clover to
take up cadmium from the soil.

Distribution of cadmium in plants

Asmight be expected the cadmium concentration usually
vanes within the plant itselfl and this is most important when
considering the effects that changes in soil cadmiom might
have on food crops.

Cadmium was highes! in the roots and Iowest in the grain
of wheal, oats and peas and with these three species less than
half of the total cadmium taken up was translocated to the
plant tops and less than 5% found its way into the grain.
With tobacco, however, most of the cadmium was translo-
cated to the tops and most of it accumulated in the leaves.

Effect of soil on cadmium uptake

The soil also plays a major part in delermining cadmiom
uptake. The effect of soil is indicated in the next table which
shows the uptake of cadmium by oats from three different
soils in pot culture. These soils all had similar pH (about 6.0)
but differed in clay content, organic matter content and other
properties. Addition of 0.2 ppm cadmium to soil | increased
the cadmium content of the oats to 0.44 ppm, where on soil
3 the increase was only 100,13 ppm. The recovery of added
cadmium by the oats ranged from 0.5% from soil 3 to 2.2%
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from soil 1.

Practical significance of cadmium in super-
phosphate

It is clear that many interacting factiors determine the
effects that the cadmium impurities in fertilisers might have
on the cadmium conient of plants. However, while informa-
tion is still somewhat hmited, it seems reasonable at this
stage to attempt some assessment of their likely importance.

As far as the plant is concerned, its effect will be least
on alkaline soils and on heavy textured soils with a pH of 6
or more, and greatest on acid, light textured soils.

In many cases its effect will be small because of the crop
species mvolved and the portion of the plant harvested
Cereal crops, for example, have a low capacity to take up
cadmium and only transfer a small part of it 1© the grain
Cadmium is also of no imporance in sugar and fibre crops

Cadmium impuritics also seem 1o be of little conse-
quence as far as pastures and fodder crops are concerned.
There has been no evidence that fertiliser cadmium has any
adverse effect on animal health and, except for the kidneys,
its effect on the cadmium content of meat or milk seem (o
be very small.

Although it appears that cadmium has linle imponance
in limiting plant and animal production, there is a worrying
factor affecting human health. Cadmium in plants eaten by
grazing animals accumulates in offal and may reach very
high concentrations. The problem is particularly bad in
areas of South Australia and Western Australia where there
are large areas of sandy soils. Offal in (hese areas has levels
of cadmium sufficiently high to prevent export of these
animal parts. On other soils, with even a low clay content,
this is not believed 1o be a problem.

SOCIAL IMPLICATIONS

The adverse publicity given to the role of agriculture in
polluting the environment by the media produces a feeling
of guilt in the farming community and can lead wo reductions
of fertiliser input which then result in production losses.
The consequences of this are far reaching. If production

Table 1: Acidification potential of a range of fertilisers (Helyar, 1991)

capacity per unit area is significantly reduced then the cost
of product may nise to a point where sales of end product are
affected. Incomes of producers may be seriously affected.

It is important for the rural community to be aware of
the effects of fertiliser and the need o use them carefully,
[tis also equally important that the scientific community set
the record straight in the public media as 1o the sources of
pollution.

A Turther factor to be considered is the impact of reduced
fertiliser use on plant cover or pasture density. If reduced
fertiliser inputs result in increased areas of bare soil, then
crosion nisks are substantally increased. The impact of this
on sustainability, cutrification and water quality may be
substantial. (ther factors to consider may be weed invaston,
increased vegetable matter in wool and reduced conception
rates

PRACTICAL STRATEGIES

Where aerial or ground opdressing of superphosphate is
used then some of the more obvious things not to do are:

s Do not topdress dams, streams oF swampy arcas

*  Donot topdress bare ground

s Muaintain good ground cover around dams and
streams

* Try o avord that time of the year when heavy cy-
clonic rain is expected

* With nitrogen fertilisers, the first option is better
management. Total fertiliser should be split inte sev-
eral smaller applications to minimise leaching. The
second 15 o change the form of nitrogen to reduce
acidification. Table 1 shows the lime eguivalent (in
kg for each kg of nitrogen applied for two situations:

L. where all applied N is taken up;
2. where all applied N is leached, and
3. Clearly there aré large differences.

Helyar (1991) has discussed the use of perennial pas-
tures in reducing acidification from nitrogen as well as the
management options.

Fertiliser & acidification class

CalC0x (lime) to balance acid-
ification where leaching is:
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