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ABSTRACT

Sulphur and potassium surface aund subsurface drainage water losses
from grazed pastures on a yellow-grey earth soil, the Tokomaru silt
loam, were investigated in field experiments. Runoff losses from
undrained and drained pastures fertilised in spring or autumn were
measvred over a six week winter interval in 1976. Losses from
undrained pastures were measured throughout the runcff season in 1977.
In 1977, S and K leaching losses from pastures fertilised in spring
oV autumn. were determined by measuring tile drainage water losses
and monitoring changes an soil S and K levels. An attempt was also
wade to rvelate soil 8 and K levels to tile drainage water losses.

This field study illustrates that S04-S is readily leached in
the Tokomarwv gilt lecam. Losses in tile drainage waters occurred from
all depths abvova the mole drains (i.e. 45 cm depth) during individuzl
flow events., On average 7.5 kg dissclved S04-S ha”! was lost from the
two non-irrigated pastures fertiliged in spring. An additional 6.7 kg
S04~$ ha™! was discharged in tile drainage waters from two irrigated
pastures fertilised in spring {(i.e. total 14.2 kg SO4-S ha™').
Ividence indicated that SO4-5 may have bypassed the drains in water
seeping beyend the f[ragipan.

An zutumn application of fertiliser S (45 kg S ha ') signifi-
cantly enhanced the extent of leaching. The equivalent of 10% of the
appiied S (4.47 + 1.5 kg S04~S ha ') was leached over a period of 17
waeks from July 1 to September 21, Losses occurred throughout this
period. Ou average, 15.2 kg SO4~S ha™! was discharged from the two
nov~irvigated pastures fertiliced in autumn., An additional 3.4 kg
80,8 ha™! was lost from the two irrigated pastures.,

An appreciable quantity (13.8 kg SCu~=S ha™!) of the fertiliser
& applied in autumn but not leached in tile dreainage waters, wvas
recovered as water scluble S04-3, leached below the 20 cm depth (i.e.

below the zone from which pasture species are likely to cbtain most
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of their S.

Over a period of six weeks in 1976, 0.9 kg SO0,~-S ha~! was lost in
surface runoff from an undrained pasture fertilised (19 kg S ha™?! in
superphosphate) in spring. Less SO4-S was lost from the associated
drained plet (0.2 kg SO4~S ha"!). Undrained and drained plots
fertilised in autumn (57 kg S ha”’ in superphosphate) lost 8% and
1.8% of the S applied (i.e. 5.5 and 0.9 kg SO,-S ha™!) respectively.
In 1977, on average only 0.8 kg S04-S ha~! was transported in surface
runoff off two undrained plots fertilised (36 kg S ha™! in super-—
phosphate) in spring. An average of 8.0 kg SO4,-S ha~! was lost from
two plots fertilised (55 kg solution S ha™!) in autumn. Hence surface
runcff is an Important S loss mechanism if undrained plots are
fertilised 1in autum. ‘

Sulphur received in the rainfall over a five month interval in
1977 amounted to 3.1 kg ha™l.

From these results it was concluded that total drainage water
losses from nen~irrigated, drained pastures were likely to be largely-
offset by § received in the rain in 1977. A significant net S loss
(in relation to annual pasture S requirements) will have occurred from
pastures irrigated the preceding summer and/or fertilised in autumn.

Sulphur fervilisation in autumn and winter is not recommended.
Under the conditions likely to prevail at this time an appreciable
fraction of th2 applied S may be lost in drainage waters.

Results of this study indicate that leaching is not an important
K loss process in the Tokomaru silt loam. Dissolved K leaching losses
from pastures fertilised in spring or autumn averaged 4.66 and 4.05 kg
K ha™! respeactively,

Petassium surface runoff losses are generally of no consequence.
In 1975 only 1.1 kg K ha" ! was lost from an undrainecd pasture
fertilized (50 kg K ha™!) in spring, whilst 0.3 kg K ha™! was
discherged -from the associated drazined plot. A minimal fraction (3%)
of the K applied in autumn (50 kg K ha™!) to an undrained plot was lost
in surface runoff. Less than 17 of that applied was discharged from the
associated drained plot. Throughout 1977, on average, 1.35 kg K ha™?
was discharged from undrained plots fertilised (57 kg K ha™!) in
spring. Aq additional 3.75 kg K ha™! was lost from pastures fertilised
(55 kg K haﬂl) in autumn.

1

Rainfall X additions measured cver a five month interval in 1977
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were low (total 1.4 kg K ha”!). However, because of the trend for K
concentrations to vary on a seasonal basis it was concluded that K
received in rainfall throughout 1977 was likely to largely offset
total drainage water losses from undrained and drained pastures.
The results indicate that K deficiencies in pasture on K retentive
yellow-grey earth soils are not attributable to drainage water losses.
Regression analyses showed that S0,-S concentrations in leachate,
but not Sbu—S loadings, were significantly related to water soluble
soil SO4-S levels (0-40 cm), determined at frequent intervals during
the drainage season, if the quantity of water percolating through
the soil is measured. No relationship was found between measured
vater soluble or ammonium acetate extractable soil K levels and

leachate K concentrations or lecadings.
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CHAPTER I INTRODUCTION

In grazed pastures, nutrient ions move continuously f£rom the soil
to the plant and back into the soil, either directly in plant residues
or indirectly via the grazing animal. Nutrient ions exist in a
variety of soil, plant and animal pools within this cyecle. Additions
to and losses from the cycle cccur by a variety of processes.

Within this cycle, the size of a particular plant available soil
nutrient pool at any one time (assuming the other nutrient levels are
adequate), controls and may limit plant growth and hence animal
production.

Factors which influence the size of the plant available pool,
aside from the rate of plant nutrient ﬁptake, include:

(i) the rate at wnich the nutriernt ion is recycled into the
plant available soil pool, and

{(ii) the balance between non-cyclic additions to and lesscs from
the plant avajlable soil nutrient pool.

If the relative importance of those factors affecting the pool
size can be defined, the principal factors responsible for inducing
pasture nutrient deficiencies can be determined and reasoned improve-
ments made in management practices.

The most widespread nutrient deficiency in New Zealand pastures
is phosphate-phosphorus. The P-cycle in grazed pastures, and the
importance of various loss mechanisms in inducing P deficiencies have,
however, been studied in some detail.

Pasture production is also frequently limited by sulphur and
potassium deficiencies.

Sulphur deficiencies generally follow a cessation in S fertiliser
applications, but deficiencies do also occur in areas receiving
regular S applications at rates sufficient to meet pasture require-
ments. In some Instances, the S cycle turnover rate may limit

productivity, Net S immobilisation may also account for the



cccurrence of § deficiencies. Frequently, however, pasture S
deficiencies in New Zealand have been attributed to significant plant
available soil S04-S losses in surface and, in particular subsurface
drainage waters. At the time this study was commenced, S drainage
water losses in New Zealand had not been measured in the field.

In New Zealand pasture potassium deficiencies arc endemic on
certain soils. In other areas, K deficiencies have arisen following
the correction of other nutrient deficiencies and subsequent increases
in the general level of productivity. " The K cycle turnover rate is
unlikely to limit productivity as K, existing only in ionic. combina-
tion, may move rapidly through the cycle. Potassium losses from the
cycling pool must exceed additions to the cycle. Potassium losses
associated with grazing animais may. be important., Controversy exists,
regarding the importance of K drainage water losses in promoting K
deficiencies. Drainage water K losses have not been investigated in
the field in New Zealand.

The principal aim of this study was to measure plant available
sulphate-sulphur and potassium surface and subsurface drainage water

losses, from a New Zealand soil in the field.



CHAPTER II REVIEW OF LITERATURE

IT.1" SULPHUR REVIEW
II.1.1 THE SULPHUR CYCLE IN GRAZED PASTURES

Sulphur occurs in both organic and inorganic combinations in the
soil-plant-animal cycle. Pasture S deficiencies may be induced by a
slow S cycle turnover rate and/or the addition of insufficient S to
the cyecling pool to offset the losses occurring from this pool. The
relative importance of these factors in inducing S deficiencies
(especially under New Zealand conditions) is considered in this review.
Included is a discussion on the nature of the various S pools in the
soil-plant-animal cycle, the S turnover rate, and the processes

whereby S is added to or lost from the cycle.

JI1.1.1.1 Soil sulphur

In intensively used pastoral soils S occurs in several important
pools, viz:
(i) the readily plant available inorganic S04-S pool,

(ii) the organic S pools.

II.1.1.1.1 The readily plant available soil S0,-S5 pool

Water soluble and adsorbed sulphate-sulphur comprise the readily
plant available sulphur pool (e.g. Freney et al., 1962). In most well
drained soils of the humid-temperate regions SO4-S in this pool
comprises less than 10% of the total S in the topsoil (Ensminger, 1954;
Freney, 1961; Metson, 1969).

Water soluble sulphate is immediately plant available. Several
parts per million water soluble sulphate-sulphur is typical in New
Zealand soils (Blakemore et al., 1968)., The level may vary on a
seasonal basis however (Williams, 1968; Barrow, 1974), attributabhle to
the influence of climatic conditions on S mineralisation, leaching, and

plant uptake rates. Water soluble sulphate is in a rapid exchange




equilibrium with adsorbed sulphate.

Adsorbed sulphate-sulphur levels are generally low (i.e. < & mg/
100 gm soil) in New Zealand topscils (Blakemore et al., 1968). Levels
increase with depth in some New Zealand soils in association with
increasing 1:1 clay mineral, allophane, and/or Al and Fe hydrous oxide
content (Metson, 1969) which favour SOy-adsorption (e.g. Ensminger,
1954; Chao et al., 1962a, b). Adsorbed S04-S is less readily available
in soils with a high, rather than a low, sulphate adsorption capacity
(Barrow, 1969).

The depth of plant S uptake is important in assessing the size of
the readily plant available S pool. Pasture S responses occurred on a
yellow-brown loam, despite the presence of considerable SO4=S (i.e.
70-80 ppm S) in the 30-40 cm depth.. During (1972) concluded, thercfore,
that this subsoil S was not plant available. Till and May (1970a) also
concluded that grasses and clovers obtained S only from the topsoil
(i.e. 0-7.5 cm) as, in a field trial with labelled S, the specific
activities of herbage and topsoil S were approximately the same but
considerably higher than the specific activity of subsoil S. Thie is
not, however, conclusi?e evidence. A limited amount of subsoil S may
have been taken up by the pasture.

In contrast, Gregg et al. (1977) reported uptake of subsoil S. 1In
a sandy soil and silt loam, plants obtained 24% and 107 rcspectively of
their S from subsoil depths (> 22.5 cm). The extent of the uptake zone
reflected the depth of grass and clover rooting. Sulphur uptake
occurred from a greater depth (100 em) in the sandy than silt loam
(60 cm). The extent of the S uptake zone also varied on a seasonal
basis, with uptake occurring from greater depths under drier soil
conditions (Gregg et al., 1977).

High producing grass-clover swards (i.e. > 10,000 kg D.M. ha™?
yr' ') may require about 30-35 kg S ha ‘yr”! (refer 1I.1.1.2). However,
as little as 10 kg ha” ! readily available SO,-S may be present at any
cne time (Till énd May, 1971). Therefore this pool must be replenished
to meet plant requirements. The readily plant available S pool is _
replenished with the return of S04-S in animal excreta, by mineralisztion
of organic S, with atmospheric S additions, ground and irrigation water
S additions and fertiliser S additions.

Sulphur is lost from this pool and the soil-plant-animal cyclic

pool, with net immobilisation in the soil organic fraction, losses in




drainage waters, and volatilization.

I1.1.1.1.2 Organic soil sulphur

In humid-semi-arid regions, most of the topsoil S is in organic
form (e.g. Williams and Donald, 1954; Walker and Adams, 1958; Williams
and Steinbergs, 1959). Jackman (1964) reported organic S levels ranging
from 560-2,000 kg ha™! in the upper 30 cm of a range of representative
New Zealand soils. Organic S levels in subsoils are generally much
lower (Jackman, 1964; Whitehead, 1964).

Recently May et al. (1968) and Till and May (1970a, bj; .1971)
partitioned the organic soil S into two pools, viz:

(i) an 'active' pool which turned over relatively quickly,

(ii) an 'inert' S pool with a negligible turnover rate.
In their soil 50% of the organic S was held in the 'inert' pool. In
the same manner Gregg (1976) identified ‘'active' and 'inert' organic S
pools in several New Zealand soils. However, in his study a much larger
proportion, 907%, of the organic S was present in the 'inert' pool.

The 'active' organic 3 mineralisation rate determines plant
availability of the organic S (Till and May, 1970a, b). In Till and
May's studies (1970a, b) the 55 kg S ha™! (0-25 cm) present in the
active organic S pool turnad over rapidly enough to replenisn the plant
available inorganic S504-S pool. Pasture production was unusually low
because of the dry conditicns., Till and May (1971) concluded that,
under favourable climatic conditions when pasture S requiremecnts and
S504-5 leaching losses may be considerably higher the $ mineralisaticn
rate may limit productivity.

Under favourable growing conditions in Gregg's (1976) New Zealand
study pasture S deficiencies occurred although about 70 kg S ha” ! was
present in the active S pool at any one time. A slow active S
mineralisation rate apparently limited productivity (Gregg, 1976).

Therefore, although a large quantity of S is present in soils in
organic form, almajor fraction of this S may be held in an 'inert' pool
which does not make significant contributions to the plant available S _
pool. The "active' organic S mineralisation rate may limit productivity

in potentially high producing systems.

I7.1.1.2 The plant sulphur nool

The plant S pool comprises that S present in the pasture tops and



roots at any one time. This pool will vary greatly in size depending
on pasture management practices. A rotationally grazed pasture with a

dry matter herbage level of about 3,000 kg ha™!

prior to grazing, if
adequately supplied with S (> 0.3% (Metson, 1973)) will contain 9 kg S
ha~!. Immediately after grazing only 1,000 kg D.M, ha~! may be present,
with a § content of only 3 kg S ha™!. The root dry matter level will be
more stable. Assuming a dry matter level of 1,000 kg ha™* with a S
content of 0.15% (Gregg, 1976) another 1.5 kg S ha™! will be present in
the roots.

The annual pasture S turnover figure will be considerably larger.
Till and May (1970a) reported that, under unfavourable growing conditions,
15 kg S ha™! (i.e. about 10% of the total cycling S in the soil-plant-
animal cycle) was incorporated annually into the plant tops and roots.

New Zealand grass-clover swards producing about 10,000 kg D.M.

ka~! yr~! in the pasture tops, if adequately supplied with S, may

incorporate about 30 kg S ha™! yr~! in the plant tops. Assuming a
top-root production ratic of 3:1 and a root S content of 0.15% (Gregg,.
197¢), another 5 kg S ha™! will be tied up annually in the roots.
Altogether, then, highly productive New Zealand pastures may incorp-
orate about 35 kg S ha™! yr~!.

Plant S is returned to the soil S pools in litter (top residues)
and root residues. Shamoot et al. (1968) reported that, in a glass-—
house investigation, a variety of grasses and clovers returned about
30 gm of root debris/100 gm of fresh root tissue. Assuming root
resjdue S levels are similar to fresh root S contents, only about
L#» 1,5 ke 8 ka”! will be returned annually to the soil from high
producing New Zealand pastures. The contribution made by this § to the
various soil S pools has not been investigated.

Sulphur return in litter will vary depending on the level of
pasture consumption by grazing animals. With a pasture utilization
Figure of 754, 7.5 kg S ha~? may be returned in litter annually from a
high producing pasture (10,000 kg D.M. ha™! yr~!) adequately supplied

with S.

I1.1.1.3 The animal sulphur pool

The animal sulphur pool comprises that S present in the grazing
animal at any one time. Animal S amounts to only a small fraction of

the total cycling S. For instance, at a stocking rate of 2.5 lactating



cows ha—® with a body liveweight in the order of 340-400 kg each and
a S content of 0.15% (Maynard, 1937), only 1.3 - 1.5 kg S ha~! will be
tied up in the animal.

The annuzal animal S turnover figure will be larger. Assuming a
pasture utilisation figure of 80% with an annual dry matter production
figure of 10,000 kg D.M. ha~!, about 24 kg S ha~! will be ingested
anmually. Both sheep (Till et al., 1973) and dairy cattle (During,
1972) retain about 10% of the S ingested. Therefore most of the S
ingested is returned to the ?asture in excreta.

Sulphur returned in excreta (i.e. about 90% of the § ingested)
is largely in the immediately plant available inorganic sulphate-sulphur
form (Barrow and Lambourne, 1962). Sulphur cycling via the animal,
therefore, avoids the slow process of plant residue decomposition and
S mineralisation, effectively increasing the S cycle turnover rate
(Till, 1975). Sulphur cycling via the animal is nevertheless an
inefficient process because of both the uneven excretal return

distribution pattern and cycling-S losses which occur (refer 11.1.2.4).

II.1.,2 SULPUUR LOSSES FROM THE CYCLE

Sulphur may be lost from the cycle in surface and subsurface
drainage waters, by net immobilisation of § in the soil organic fraction,
by volatilisation, in animal products, and in animal excreta returned to

unproductive sites.

I1.1.2.1 Sulphbur drainage water losses

Sulphur is transported (generally as the dissolved S04-5 ion) in
both surface and subsurface drainage waters. Losses from the plant
available soil S pool (and the cycling-S pool) occur with

(i) wovement over the soil surface, in surface runoff, to

streams and with
(ii) movement in percolating (subsurface drainage) water
beyond the zone of plant S uptake.
Research findings and the experimental techniques used to investi-

gate S drainage water losses are reviewed.

II.1.2.1.1 Sulptur leaching losses in laboratory and glasshouse studies

Sulphur leaching has been investigated in laboratory and glasshouse

studies. Losses ranging from 0-100% of the S applied (i.e. < 50 kg S
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ha™!) have been reported in different soils with varying fertiliser and
watering techniques. The results of a number of these studies, and
experimental techniques used are given in Table I.

Losses in laboratory and glasshouse studies will not refect actual
8 losses occurring in the field. The amount, velocity and pattern of
soil-water movement, the soil solution S0,~S concentration and hence
the extent of S leaching is altered (Harward and Reisenauer, 1966).
Several important factors, which are likely to have enhanced S losses
in the studies reviewed in Table I, are discussed below.

Air-drying soils enhances S movement in soils (Peverill et al.,
1975). Chao et al. (1962a), Hogg and Cooper (1964), Hogg (1965),
Cooper and Hogg (1966), Hogg and Toxopeus (1966), and Muller and
McSweeney (1977) all air-dried soils prior to measuring S leaching
losses,

Sieving and bulking to give a homogenous soill sample alters
important soil properties (i.e. soil structure, porosity and strati-
fication) which influence soil-water (e.g.'Ward, 1967) and hence §
movenent., Hogg and co-workers (1964, 1965, 1966) sieved and bulked
soils before measuring S leaching losses.

'Edge-effects', associated with the soil container interface,
promote water and S movement (Till and McCabe, 1976). Only Peverill
and Douglas (1976) attempted to avoid this problem by waxing the soil
container interface,

'"Equilibration’ may alsc be an important factor influencing ion
movement. Balasubramaniam et al. (1973), for example, found that
applying nitrate solution cne week prior to, rather than immediately
before irrigation, retarded leaching as soil-nitrate equilibrium
occurred. In leaching column studies, solid S04-$S applications to dry
soils have generally been followed immediately by intensive simulated
rainfall events (ec.g. Chao et al., 1962a; Hogg and co-workers, 1964,
1965, 1966). The applied $04-S is unlikely to have had time to
equilibrate with these soils; whereas a typical rainfall pattern in
certain regions would permit equilibratien and hence reduce leaching
logses.

The presence or absence of plants may be important. In the
absence of growing plants, a preater quantity of water and S will be
available for leaching. With one exception (i.e. Peverill and Douglas,

1976), plants were absent in the soil leaching column studies outlined



TABLE I Sulphur leaching losses in laboretory and glasshouse studies.

Soil pre- Water applied Sulphur
Sail Experimental treat;;nt or quaniity fettf;iser‘ iulp?u; Reference
R CacuEl g procedures leachate treatment BEaLs
(15) soils Soil leaching coil sieved, 25-200 mm 45 kg 2%/ 0-15%
with widely column study; bulked and water applied ha™! in - fertil- Chao et al.
varying 0-175 mm soil ailr-dried gypsum iser S (1962)
character— depth; plants
istics absent.
(1) Podzol Undistributed 90 mm water not 2 k; S
soil leaching applied fertilised tha” Peverill
colunn study; = and
0-100 mm soil Douglas
depth; plants (1976)
grown.
(1) Podzol Soil leaching soil sieved, 20 mm water 110 kg S/ha 90% fer-
column study  bulked and applied in gypsum tiliser
using Hogg's air-dried S
(1960) : Hogg
lezching 50 kg S/ha  B1% fer- 2nd
technique:- in super- tiliser  COOPer
alternate phosphate ] (1964)*
leaching and
drying phases; 31 kg S/ha 19-33%
0-75 mm soil in fertil-
depth; no elemental iser S
plants grown s
(1) Podzol 400 mn water 25 or 50 85-100%
(3) Yellow- applied kg S/ha in ferti£~ Toge
brown sands i 1 saper= izer 3 (1965)*
phosphate
(1) Organic
soil
(1) Yellow- 600 mm water 17-67 kg 95-100% c
brown 8 i applied S/ha in fertil- QOREE
pumice soil gypsum or iser S5 i
-
phosphate ( )
(41) Yellow~ 400 mm water 25 or 50 33-100%
brown applied kg S/ha fertil-
pumice soils " i ii super- iser 8 Eagg snd
Toxopeus
phosphate (1966)*
(6) Yellow- 2-6%
brown loams fertil-
iser §
(1) Yellow- Glasshouse pot soil sieved Yellow- 88 kg S/ha YBPS 50%,
brown experiment of and bulked brown pumice in powdered YBL 10%
pumice soil 1 years when moist soil-water super- fertil-
(YBPS) duration; applied _phosphate iser S
0-200 mm soil until 360 mm
(1) Yellow- depthy plans oF TeatHatE 88 kg S/ha YBPS 17%
brown loam in super- YBL 0%
(YBL) - e phosphate fertil-
Yellow=-
browvn loam-~ granules iser S Muller
water 88 kg S/ha YBPS 367 and
applied to in gypsum YBL 29% McSweeney
collect fertil-  (1974)%
250 mm iser S
tekhta 88 kg S/ha  YBPS 1%,
as YBL 2%
elemental fertil-
S iser S
88 kg S/ha YBPS 44%
in powdered YBL 5%
super- fertil-
phosphate iser S
plus lime
(1) Yellow- Glasshouse pot soil air- water 106 or 264 207 fer-
grey earth  trial of 2 dried, applied kg S/ha tiliser Muller
(Tokomaru years duration sieved until applied in S and
silt loam) 0-180 nm soil and bulked 425 1mm of super-— McSweeney
depth; plants : leachate phosphate (1977)*
grown collected
No fertil- 51 kg-
iser § S/ha
applied

*
New Zealand

study.

( ) refers to the number of soils studied.
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in Table I.

Sulphate-sulphur leaching losses from the upper 7.5 cm of soil
have been measured in New Zealand soil leaching column studies. Gregg
et al. (1977), however, reported that subsoil SO4-S may be available.
As subsoils frequently exhibit a greater ability to adsorb S04-S than
topsoils, leaching losses from the plant uptake zone are likely to be
lower than measured losses from the upper 7.5 cm depth,.

For the reasons discussed above S leaching losses in the field are
generally likely to be consiéerably lower than losses occurring (Table
I) in the soil leaching column and glasshouse studies.

Laboratory and glasshouse studies have, however, been useful in
determining

(i) the influence of soil propertigs on the extent of §

leaching, and

(ii) the relative susceptibility of various forms of
fertiliser S to leaching.
Chao et al. (1962a) reported that less S0,-S was leached from SO4~S
retentive than ren-retentive soils., Leaching studies undertaken in
New Zealand have also shown that the extent of $04,-8S leaching is related
to the soil S04-S adsorption caracity. Hogz and Toxopeus (1966), for
instance, reported lower S$04-S leaching losses from weakly sorbing
yellow-brown pumice soils than SO04-5 retentive yellow-brown loams
(Table I1).
Muller and McSweeney (1974) attributed the smaller measured SO,-S
leaching losses from a sand than stony silt loam (Table I) to two factors,
Rz ot
(i) organic matter accumulation, and hence fertiliser S
immobilisation in the sand, reducing the quantity of
504-S liable to leaching,:

(ii) a higher soil water holding capacity which reduced the
quantity of water percolating through the soil.

Bdth the chemical and physical form of S fertiliser applied, has
been shown to influence S leaching losses in soil column and glasshouse
experiments (Hogg and Cooper, 1964; Aylmore et al., 1971; Muller and
McSweeney, 1974), Elemental S ic less susceptible to leaching than
calcium sulphate, in either the anhydrite form in superphosphate or the
dihydrate form, gypsum (Hogg and Cooper, 1964; Muller and McSweeney,

1974). Sulphur in granular superphosphate is less susceptible to
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leaching than § in powdered superphosphate (Aylmore et al., 1971;
Muller and McSweeney, 1974).

The application of cother fertilisers and accompanying ions in S
fertilisers may also influence the extent of S leaching. Chao et al.
(1962a) found that lime, and phosphate to a lesser extent, promoted
SOy-leaching. Cooper and Hogg (1966) failed to record such an effect;
attributable probably to the fact that even prior to liming or phosphate

fertilisation virtually no fertiliser SO04-S was retained by the soil,

17.1.2.1.2 Sulphur leaching losses in lysimeter studies

Lysimetry research findings and the experimental methods involved
in these studies are summarised in Table II. Sulphur losses in these
studies varied depending on soil properties, fertiliser treatments, and
experimental techniques. Sulphur equivélent to 29-90% of that applied
in superphosphate or gypsum was leaching in both short-term (McKell and
Williams, 1960; Williams et al., 1964; Jones et al., 1968) and long-term
studies (Muller, 1975). Although Till and McCabe (1976) also reported
large S leaching losses (i.c. 25 kg ha™! yr_l), a negligible fraction of
the *°S applied in superphosphate was leached. Flemental S leaching
losses were lewer, ranging from 2.6 - 587 of that applied (Williams et
al., 1964; Jones et al., 1968). Increasing S particle size reduced the
extent of leaching (Jones et al., 1968).

Lysimeter studies do not measure actual losses cccurring in the
field (Staufier and Rust, 1954; Dreibelbis, 1957; Fried and Broeshart,
1967). However, the techniques used in lysimeter studies investigating
S leaching have, as discussed below, been particularly poor.

Till and McCabe (1976) illustrated that free movement of water
along soil-container interfaces ('edge-effects') enhanced S losses.
Four times as much ®$S was leached-from the peripheral zone (6.7% of
the fertiliser S) as from a central zone of equal area (1.77%) in a
lysimeter cf 0.2 m® surface area. The larger the lysimeter, the
smallér the proportional influence of edge-effects (Stauffer and Rust,
1954; Fried and Broeshart, 1967). However, the lysimeters used when
measuring S leaching losses have all be comparatively small (i.e.
< 0.3 m* in surface area).

A prolonged 'soil settling' interval is required.prior to
experimentation to reverse any soil property changes {occurring as a

result of soil disturbance during fulling) which influence water



TABLE II Sulphur leaching losses in lysimeter studies

Sulphur fertiliser

Interim results

Results over entire
study interval

Soil Experimental procedures A Reference
Average Average total S
Years Total § leached leached from
rainfall/yr. rainfall/yr. gk Tyt
Sand Soil from 0-600 mm dept?
‘i’asiia{er?d inaa 0.3;’: B Control _13.0 kg S/ha _ McRell and
Ponil meciifoet dureresd oF OF 67 Ug TB/BA 795 mm 77 5% Williams
aEter toilLyeir in gypsum fertiliser § (1950)
investigation.
o 1 N
The study initiated by G c;?ﬁzcin 1 —§L4E§3?§£EE——- 324 mm _E;QE%Eﬁgihé—__
McKell & Williams (1960) i e s Williams et
gypsum fertilisers fertilisers
was continued for 67 kg S/h - —is.87 al. (1964)
Yot 3 ki, g a as coarse ‘ :
a0k ? or fine elementals fertilisers fertilisers
Sandy Soil from 0-500 mm depth 56 kg °S/ha in 705 mm 82-93%
‘loam; was sieved, bulked and gypsum _fertiliser S
loam placed in 0.24 m* 56 kg 35S/ha as 21-58% Jones et
anéd a lysimeters; a 2 week fine elemental § fertiliser £ al. (1968)
clay 'soll settling' interval 56 kg 35S/ha as 2.6-11.5%
prior to a study of 2 coarse elemental S fertiliser S
years duration.
Yellow-  Soil from 0-600 mm depth Control 0-7 53.4 kg S/ha 66 kg S/ha #
brown placed in 0.2 m? 272 kg S/ha in 85% fertiliser 86% fertiliser Muller
loan lysimeter; study of 20 powdered super- S ({.e. 234 kg S {#.e. 234 kg (1975)*
years duration. thosphate in year 1 S ha™1) S/ha)
Loam Soil from 0-600 mm depth 0.5 kg 2°S/ha in 205 25 kg S/ha but
placed in 0.2 m? aqueous MgSOy or e < 0.1 kg of the 7111 and

lysimeters; pretreatment
procedures not reported
study of 252 days
duration.

255 kg *°S/ha in
superphosphate

fertiliser S
irrespective of
S fertiliser
rate

McCabe (1976)

*
New Zealand study.

(A
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movenent and nutrient ion movement/unit of percolating water (Stauffer
and Rust, 1954; Dreibelbis, 1957). However, indirect evidence suggests
that, in McKell and Williams (1960), Williams et al. (1964) and Muller's
(1975) studies, insufficient time was allowed for 'soil settling'.
Consequently, soil property changes influenced the extent of leaching.
In Williams et al.'s (1964) study SO4-S leaching, in an
unfertilised soil, occurred to a considerably greater extent in the
first year (i.e. 3.92 kg S ha™!) than during the following two years-

! yr~!') although rainfall was the lowest

(i.e. average of 0.67 kg S ha™
recorded. This suggests that soil disturbances may have promoted S04,-S
leaching during the earlier part of this investigation. This explana-
tion would alsc account for the very large leaching loss recorded from
this lysimeter (12.0 kg S ha™! yr™!) in the earlier study undertaken by
McKell and Williams (1960). '

In Muller's (1975) New Zealand lysimeter study, SO4,-S leaching
losses from an unfertilised soil were large (averaging 9.1 kg S ha ?
yr ') but erratic, in the first six years of the 20 year study period.
Subsequently, losses gradually decreased until, during the last 11 years
leaching losses were small and relatively constant at less than
1 kg S ha ! yr~ !, Muller (1975) attributed the larger leaching losses
observed early in this investigation to the effects of soil disturb-
ances during fulling, on the internal soil drainage pattern.

Till and McCabe (1976) did not measure 504-S leaching losses from
unfertilised lysimeters, However, the amount of water percolating
through 20 replicate fertilised lysimeters varied from 8-59% of that
received, indicating a soil disturbance effect., This effect was
reflected in widely varying (4.3 - 95.0 kg S ha~! yr~!) $04,~S leaching
losses.

It is not possible to analyse Jones et al.'s (1968) results in a
similar manner because of the manner in which the data was presented.
Experimentation followed only a two week soil settling interval. Soils
were sieved and bulked prior to fulling the lysimeters. Both of these
factors will influence the extent of S leaching.

Nutrient leaching losses from bare soils tend to be higher than
losses from pastures (e.g. Harward and Reisenauer, 1966). The annual
resowing of clover when applying S in the American lysimeter studies
(McKell and Williams, 1960; Williams et al., 1964; Jones et al., 1968)

would probably raise S leaching losses above levels expected under
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permanent pastures,
For the reasons discussed above it is difficult to interpret the
lysimeter results given in Table II in terms of likely S leaching

losses occurring in the field under permanent pastures.

I1.1.2.1.3 Sulphur drainage water losses in field studies

Sulphur dreinage water losses may be most accurately determined in
field studies, as the integrated effect of plant uptake, soil properties,
aspect, slope and climatic conditions on S movement is measured. The
influence of grazing animals on drainage water losses may also be
considered. Despite these advantages, few field studies have been
undertaken.

Sulphur leaching losses in the few field investigations undertaken
have been determined by a variety of methods. May et al. (1968), Till
and May (1971) and Gregg (1976) monitored the movement of labelled-
fertiliser S5 down the soil profile, with time. Although this may be a
very accurate method for investigating leaching, the high cost and
dangerous nature of labelled S isotopes limit its widespread use.

Gillman (1973) and During and Cooper (1974) indirectly measured
fertiliser S leaching losses frum herbage 5 uptake and soil S levels.
This & balance approach is limited in accuracy to the extent that.S
additions and losses (other than drainage water losses) from the soil
are precisely measured.

Kilmer et al. (1974) measured S losses in both surface and
subsurface drainage water by analysing the drainage water. This
approach seems suitable for widespread use when

(1) =oils are mole and/or tile drained,

(1i) catchments have an impermeable shallow bedrock, and hence
the catchment streamflow may be analysed to determine
losses,

Sulphur losses in these field studies varied. May et al. (1968),
Till and May (1971) and During and Cooper (1974) found that virtually
no fertiliser S was leached to subsoil depths, while Gillman (1973)
reported massive fertiliser S losses from the upper soil horizons.
Gregg (1976) found that an appreciable fraction of the fertiliser S
applied was leached to subscil depths. Sulphur drainage losses from
unfertilised catchments in Xilmer et al.'s (1974) study were

insignificant in relation to annual pasture S requirements.
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A detailed examination indicates that the variation in measured S
losses between these studies may be explained by differences in soil
properties, climatic conditions or incorrect interpretation of the
exberimantal results. Although little S leaching occurred in May et
al.'s (1968) and Till and May's (1971) studies, rainfall was very low
(e.g. 80 mm in 87 days (May et al., 1968)). The quantity of water
percolating to subsoil depths was, therefore, probably minimal, severely
limiting the extent of possible leaching.

Gillman (1973) concluded that fertiliser S not recovered in the
upper 100 cm of soil or by the herbage after three years (i.e. 90% of
the 105 kg S ha™! applied in superphosphate, and 73% of the 273 kg ha™!
of elemental S applied) was leached beyond the 100 cm soil depth.
Lateral surface and/or subsurface transport of fertiliser S (as
dissolved S0,-S and/or discrete fertiliser S particles) in water
draining out of the 4 m X 4 m experimental plots may, however, account
for the low fertiliser S recovery figures. This soil (having an
impermeable clay horizon at the 250 cm depth) was saturated on several
occasions (Gillman, 1973) which will tend to favour lateral movement
downslope. Lateral movement of S has been observed in a similar soil
in the field (Barrcw and Spencer, 1859).

In New Zealand, During and Cooper (1974) reported that, in spite
of 3,000 mm of excess rainfall (i.e. rain in excess of estimated
ecvapotranspiration) in five years, applied S (< 314 kg S ha”! in gypsum)
did not penetrate beyond the 45 cm soil depth. This study was conducted
on a highly sulphate retentive soil and apparently the applied S was
predominantly retained in adsorbed form in the topsoil.

In contrast, fertiliser S moved to a depth of 60 cm or beyond in
one year in several New Zealand soils characterised by their low
sulphate adsorption capacities (Gregg, 1976). The amount of rainfall
received and soil texture influenced the extent of S movement in these
soils. Labelled S was evenly distributed within the upper 60 cm of a
sandy loam after 1,112 mm of rainfall while, in another sandy loam
receiving 466 mm of rain during the same interval, S did not penetrate
beyond the upper 30 cm.

Under z similar rainfall regime, sulphur moved beyond the 60 cm
depth in a sandy loam but remained largely in the upper 30 cm of a heavy
silt loam.

Gregg (1976) concluded that the effect of $04,~S leaching must be
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interpreted in terms of the pasture species composition and their
S-uptake zone. In several of the soils studied, subsoil S04-S (i.e.

S04~-S below the 30 cm depth) was plant awvailable (Gregg et al., 1977).

A variety of factors will influence the extent of surface runoff
(Ward, 1967) and hence S runoff losses including the

a) soil infiltration capacity,

b) soil permeability,

c) soil moisture content,

d) rainfall pattern (i.e. the amount, storm intensity and

duration,

e) vegetation type.

For these reasons sulphur runoff losses from both unfertilised
and fertilised pastures may vary considerably.

Sulphur surface runoff losses from pastures have only been
investigated in conjunction with S subsurface drainage water losses.
Kilmer et al. (1974) measured total dissolved S04,-S drainage water
losses from 2 steeply sloping, unfertilised catchments receiving, on
average, 1,070 mm of rain annually. During a four year period an

1 .1

average of only 2.23 kg S ha’ was lost in surface and subsurface

yr
drainage waters discharged into the catchment streams.

Hamvray and Laften (1971), in the only investigation where S
surface runoff losses have been differentiated from subsurface drainage
water losses, measurced losses from four unfertilised, cropped soils.
Losses varied, from 0.3 - 6.1 kg S ha™} yrhl, closely reflecting the
amount of water discharged from these gently sloping (3-6% slope) plots.
In this study surface runoff was ponded in low-lying depressions for up
to eight hours prior to sampling. Water infiltrated into the soil
during this interval. Losses from areas not drained in this manner
would tend to be higher. However, losses from pastures on this soil
are likely to be lower as the denser soil vegetation cover will tend to
reduce surface runoff water yields,

Fertiliser S surface runoff losses have not been investigated.
Calcium sulphate has a low but significant solubility in water (2 g -
at 2000) and losses could occur by simple dissolution in water flowing
over the soil surface. Discrete superphosphate and elemental S

particles might also move downslope in surface runoff, particularly
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when high intensity storms occur soon after fertiliser § applications.

II.1.2.1.4 Conclusions

Sulphur losses in drainage waters have been investigated in
laboratory, glasshouse, lysimeter and field studies.

Leaching losses in laboratory, glasshouse and lysimeter studies
varied widely. Detailed examination of the techniques invcolved show
that the extent of S movement in these investigations may bear little
relationship to losses occurring in the field.

Research approaches used and measured S drainage water losses in
field studies have varied. Analysis of tile drainage wzters, the most
direct approach for measuring leaching losses, has not been used.
Surface runoff losses have only been investigated in one overseas study.
It is difficult to extrapolate the findings of this study to other
sites and agricultural systems (e.g. cropping vs pastural) because of
the complexity of the system under consideration.

Further research, investigating the magnitude of drainage water

losses, is recquired under New Zealand conditions.

IT.1.2.2 Sulphur iwmmobilisation losses

Plant available soil S04-S levels are influenced by mineralisaticn
and immobilisation (i.e. the opposing process) rates. Sulphur is
immobilised in the soil organic fraction by microbial incorporaticn of
inorganic soil S and with the return of organically bound 5 in plant
residues and animal excreta. In a steady-state system the rate of
inmobilisation balances mineralisation and organic soil S levels remain
cowmparatively constant. However, the establishment of grass-clover
associatione begins a phase of soil organic matter accumulation which
is enhanced by the application of fertiliser P and S (e.g. Walker, 1956;
Jackman, 1964). Net S immobilisation occurs during this phase, and S
immobilised is lost from the S cycle. A number of studies indicate
that substantial quantities of S may be immobilised before 2 new higher
steady—-state organic matter content is attained.

Hingston (1959), in an Australian investigation, reported net
immobilisation of 10-15 kg S ha™! (0-15 cm) yr~! in several fertilised
soils under permanent pasture for 3-27 years.

Jackman (1964) found that organic S levels increased by 7.2 - 18.5

kg S ha~! (0-15 cm) yr~! in a range of New Zealand soils under grass-—
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clover pastures for 30 years. Estimates of the half-life for new
organic matter steady state contents to be attained in these soils
ranged from 2-42 years. Jackman (1964) concluded, however, that these
estimates. were subject to large errors.

In another New Zealand study, During and Cooper (1974) concluded
that 30% (d.e. 55 kg S ha~') of the fertiliser S applied to a yellow-
brown loam over a period of five years, was apparently immobilised in
the soil organic fraction.

Burke (1575) reported a two-~fold increase in organic soil S levels
over a 25 year period. The pasture had been both irrigated and
fertilised throughout this period.

These studies indicate that S immobilisation may be an important
cycling-S depletion process for an extended period of time after grass-

clover pastures are established.

I1.1.2,3 Sulphur volatilisation losses

Nicolson (1970) postulated that significant amounts of S may be
lost in gaseous forms under aerobic soil conditions at local cites
where reducing conditions exist. Recent research findings (Loveleck
et al., 1972; Swaby and Fedel, 1973; Sachder and Chhabro, 1974; and
Banwart and Bremner, 1976) suggest, however, that losses are likely to
be minimal under conditions encountered in pastures. Banwart and
Bremner (1976), for instance, found that < 0.004% of the S added (at a
very high rate of 400 ug S em™} so0il) was lost in volatile compounds
over a period of 60 days under aerobic and anaerobic soil conditions.
Soils sorb volatile S compounds and the levels of gaseous S detected in
these incubation studies must, therefore, be regarded as indicating the
minimal level of volatilisation (Banwart and Bremner, 1976). Neverthe-
less, on the basis of existing research findings, it can only be
concluded that volatile S losses are negligible under pastures.

It is generally thought that volatile S losses may be more
important under urine spots (e.g. Walker, 1957a). No research has been

undertaken to verify or negate this assumption.

I1.1.2.4 Sulphur losses associated with grazing animals

Sulphur is lost from the S cycle in animal products and in urine
and dung deposited in ugproductive sites outside the grazing area,
Sulphur deposited in sheep camps may also be effectively lost from the

S cycle.
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The actual quantity of S lost from the cycle by these means has
not been measured. However, losses have been estimaced to vary from
3-7 kg S ha™! apnually, depending on the type of grazing animal and
stocking rates (During, 1972).

In terms of the total quantity of § in the S cycling pool (i.e.
100-300 kg S ha™! (Till and May, 1970a, b; Gregg, 1976)) these losses
are likely to be insignificant cn an annual basis. However, in the
long-term they are likely to limit productivity unless natural §

additions are large or fertiliser S is applied.

I1.1.2.5 Conclusions

Recent research suggests that sulphur immobilisation losses under
grass—clover swards, and losses associated with grazing animals may,
in the long-term, considerably deplete the S cycling pool unless
balanced by S additions to the cycle. Sulphur volatilisation losses
are likely to be negligible. However, the importance c¢f S losses in
drainage waters is debatable. Although a few field studies have been
conducted overseas, the results of these investigations have been
inconclusive., Whilst it is frequently assumed that 8 leaching is
major process responsible for inducing § deficiencies in New Zealand
pastures, only Gregg (1976) has monitored S movement within New
Zealand soils. Surface runoff £ losses have not been investigated in
New Zealand. Further investigations into S losses in both surface
and subsurface drainage waters are essential to clarify the situation
and hence, if possible, improve the efficiercy of S use in grazed

pastures.

IT.1.3 SULPHUR ADDITIONS TO THE S CYCLE

Sulphur may be added to the cycling pool in precipitation, with
soil and plant foliar sorption of gaseous S compounds (atmospheric S
additions), in ground and irrigation waters, with the weathering of

S-bearing minerals and in fertilisers,

II.1.3.1 Atmospheric S additions

Precipitation, collecting S containing gases and particles, may
be an important $ source replenishing the plant available soil S pool
in coastal and thermally active regions, and near swamps and large
industrial centres (Whitehead, 1964).

In New Zealand, published rainfall S additions range from less
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than 1 kg S ha=! to 15 kg S ha~! annually. Muller (1975) reported that,

=1 was added in rainfall in a suburb of

on average, 13.2 kg S ha~?! yr
Auckland over a 20 year pericd. Industrial fumes, the emission of HzS
from nearby mudflats and S04-S carried in sea-spray contributed to
their figure. Sulphur inputs, inciuding dust, of 10 kg S ha™t yr !
have been recorded near Wellington (Miller, 1968). However, S
additions in precipitation decrease rapidly on moving inland as
illustrated, for a transect of the South Island, in Table III.

Table IIT Mean values for 3-4 years of $0,-S in precipitation

(excluding dust) for a transect of the South Island
(Walker and Gregg (1976) based on Horn's unpublished data).

Site East Coast o fronlWest Coast FOEIS -1
kg ha yr
Lincoln 22 4.0
Darfield 42 Lt
Torlesse 67 I .5
Cass 100 Ted
Bealey 189 ey
Arthurs Pass 122 51 3.4
Taipo 29 ;|
Kumara 3 3.6

Sulphur inputs as low as 0.6 kg S ha™! yr~! have been measured at Tara
Hills, a remote inland site in central Otago, characterised by very low
average annual rainfall (Rukunia Soil Research Station Annual Reports
1959, 1960).

Little infofmation is available on rainfall S inputs at BNorth
Island coastal and inland sites. At Marton only 18 km from the coasgt,
annual S additions in 1959-1962 were 2.02, 2.35, 1.95 and 3.80 kg ha"l.
Atmospheric and rainfall S levels varied from month to month in an
erratic manner (Rukuhia Soil Research Station Annual Reports 1959, 1960,
1961, 1962). .

Direct soil absorption of gaseous S ccmpounds may be an important
soil S source if atmospheric S levels are high (e.g. Alway et al.,
1937). In New Zealand atmospheric S levels have only bteen measured at a
few inland and coastal sites in non-industrialised areas (Rukuﬁia Soil
Research Annual Report 1958). Levels were low.

Atmospheric S may also enter the S cycle by direct foliar
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absorption of SO, (Olsen, 1957; Jensen, 1963). Plants absorb more S0:
when plant available soil S levels are inadequate (e.g. Cowling et al.,
1973). The amount of S entering the S cycle in this manner will be
related to atmospheric levels and hence, generally low in New

Zealand (Walker and Gregg, 1975).

IT.1.3.2 Sulphur additions in irrigaticn end ground waters

Available SO4-S enters the cycling S pool in several areas of New
Zealand where fluctuating, shallow, ground-waters are influenced by
sea water, or weathering of minerals at subsoils depths in weakly
weathered soils (Blakemore et al., 1969; Walker and Gregg, 1975). Ian
several soils in Central Otago (Blakemore et al., 1969) ground-wacer
sulphate was available to lucerne but was present at too great a depth
for clover S uptake., At a site near Lincoln ground-water deposited
S04-S within reach of grasses and clovers (Walker and Gregg, 1975). In
most soils, however, ground-water does not constitute a source of plant
available S0,-S.

Thorne and Peterson (1954) reported that in America an average of
80 kg S ha™! m is added to soils in irrigation waters. New Zealand
pastures are generally not irrigated. In an exception, the Waitaki
scheme, about 10 kg S ha™! is applied annually to pastures, in

irrigation waters (Sleath, pers. comm.).

IT.1.3.3 Sulphur additions from weathering of minerals

Walker and Adams (1958) concluded that the stage is reached fairly
early in soil development when weathering of mineral S, in sulphides
and sulphates, is an insignificant source of cyclic S. This has keen
confirmed under New Zealand conditions (Walker and Gregg, 1975); with
conversion of sulphides to sulphate, and leaching of sulphate occurring

deep within the soil profile.

I1.1.3.4 Fertiliser sulphur additions

In most areas of New Zealand, fertiliser S applications zre
necessary to maintain high pasture production levels (Walker and Cregg,
1975). Generally 25 kg S ha™?! is applied annually in a single appii-
cation, although it is recognised that yellow-brown pumice soils
require more frequent S applications at heavier rates (Toxopeué, 1965;
Hogg and Toxopeus, 1966). There is evidence that other soils reguirs

< 25 kg § ha™t annually to maintain productivity (e.g. During, 1972}.



22
However, actual fertiliser S requirements have not been determined.

Fertilisex S is usually applied as calcium sulphate (anhydrite)
in superphosphate. Ammonium sulphate and sulphurized superphosphate
(containing both calcium sulphate and elemental S) are applied less
frequently in New Zealand.

The rate of release of fertiliser sulphur to the plant available
soil pool depends on the type of fertiliser (i.e. chemical S form,
associated ions and particle size influencing solubility), soil
physico-chemical properties and the rate of water movement over the
fertiliser particle (Barrow, 1975; Maclachlan, 1975). Of these, S
fertiliser form and particle size can be controlled. Ammonium sulphate
is very soluble, while the anhydrite calecium sulphate in superphosphate
is sparingly soluble (2 g/litre at 20% (Barton and Wilde, 19271)).
Elemental S is released very slowly as it must first be oxidised to
sulphate-sulphur.

The rate of S release and entry into the plant available coil
pool decreases with increasing superphosphate or elemental S particle

size (Williams, 1969, 1970, 1971).

I1.1.3.5 Conclusions
Frequently in New Zealand, S additions to the cycling S poocl from
natural sources are low, Fertiliser S applications are therefore
necessary in many areas to offset losses occurring from the cycle
@

and/or to overcome the productivity limiting effect of slow cyeling §

turnover rates.

I1.1.4 GENERAL CONCLUSIONS

Sulphur deficiencies occur in many areas of New Zealand unless
fertiliser S is applied fairly regularly. The S cycle turnover rate
may limit productivity. Large drainage water losses in association
with low atmospheric S additions may also account for these S
deficiencies. Further research is required to determine the relative

importance of these factors in inducing S deficiencies in these areas.
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1I.2 POTASSIUM REVIEW
II.2.1 THE POTASSIUM CYCLE IN GRAZED PASTURES

Pasture K deficiencies frequently occur in many areas of New
Zealand. 'The importance of various processes in inducing these K
deficiencies is discussed.  Included is a review on the various K pools
within the soil-plant-animal cycle, and the processes whereby K is lost

from or added to the cycling pool.

II.2.,1.1 Soil potassium

So0il potassium is traditionally divided into four categcries —
water soluble, exchangeable, 'fixed' or specifically adsorbed, and
primary mineral K. In practice, however, no distinct boundaries exist
between the various forms (e.g. Reitemeir, 1951; Arnold, 1650}.

Water soluble K is immediately plant available. Exchangeable K is
readily plant available while the fixed and primary mineral K (togethexr
comprising the 'non-exchangeable soil K' fraction) is slowly or
essentially non-available (e.g. Arnold, 1960; Metson, 1268).

The various forms of scil K tend to be meintaired in an exchange
equilibrium. A decrease in the levesl of water soluble K, for iastance,
will tend to be compensated for by movement from and between the
exchangeable and fixed K fractions. Exchangeable K is released rapidly
in comparison with the release of fixed K (e.g. Arnoif, 1960).

The non-exchangeable K level may increase or decrease with time
because of this exchange equilibrium. However, in general, it
constitutes a source of plant available K and is regarded as sucht in
this review, rather than a pool within the X cycle or a 'sink' for K

from the cycle. .

IT1.2.1.1.1 The readily plant available soil K pool

Water soluble and exchangeable soil X together conprisc the
readily plant available K pool.

Water soluble K generally comprises < 0.01% of the total soil K,
or about 5 kg K ha™! in the topsoil (Thompson and Troeh, 1973). The
exchangeable K fraction is comprised of hydrated K ions adsorbed at
non-specific sites on clays, silts and organic particles. Exchangezble
K is readily replaced by other cstions such as Ca, Mn and Mg and is,
therefore, readily plant available (Thompson and Troeh, 1972). Most
topsoils contain 100-450 kg exchangeable K ha™!, while subsoil K

3k

levels are frequentiy lower (Thompson and Troeh, 1973),
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The size of the readily plant available soil K pool is influenced
by the extent of the plant K uptake zone. Ozanne et al. (1965) have
determined, using isotopes, the maximum depth from which various pasture
species may obtain K in a sandy loam. The maximum uptake depth
reflected the plant species maximum rooting depth. However, greater
than 88% of the radicactive K taken up by both ryegrass and
subterranean clover varieties was obtained from within the upper 10 cm
of soil. Virtually all the labelled K taken up by plants was obtained
from the upper 35 cm. No other investigations on the K uptake zone of
various grass and clover species have been undertaken.

High producing pastures may require about 300 kg K ha™! annually
(II.2.1.2). Most soils contain about 100-450 kg K ha™! readily plant
available K in the topsoil (Thompson and Troeh, 1973). Therefore this
pool must be continually replenished to meet long term K requirements.

The readily plant available K pool may be replenished by the ‘
return of K in plant residues and animal excreta, by the release of
non-exchangeable K, with K received in rainfall, and with fertiliser
K additions.

Potassium may be lost from the plant available pool, and the K
cycle, in drainage waters. Potassium is also lost from this pool with
K fixation. If the plant available pool is subsequently depleted
fixed K is released. Potassium fixation is, therefore, not a process

whereby K is lost permanently from the cyeling pool.

1II.2.1.2 The plant potassium pool

The plant K pool comprises that K present in the pasture tops and
roots at any one time, This pool will vary greatly in size as the dry
matter level varies. A rotationally grazed pasture with a dry matter
herbage level of about 3,000 kg ha™! prior to grazing, if adequately
supplied with K (2.3% (During, 1972)), will contain 60-90 kg K ha™!,
Immediately after grazing only 1,000 kg D.M. ha”! may be present. At
this stage K in the tops will only améunt to about 20-30 kg ha™'. The
root dry matter level will tend to be more stable. Assuming a root
dry matter level of about 1,000 kg ha™! and a K content of 2-3%

(Campkin, pers. comm.) from 20-30 kg K ha™!

will be present at any one
time in the roots. _

The annual pasture K turnover figure will be considerably larger.
On an annual basis 200-300 kg K ha” ' will be incorporated in the plant

tops.



25

Hopper and Clement (1966) reported that a fertilised ryegrass sward
producing 10,000 kg D.M. ha™! annually in the pasture tops, produced
root tissue containing about 70 kg K ha™'. With a top:root production
ratio of 3:1 (Gregg, 1976) 60-100 kg K ha~! will be incorporated
annually into the roots of ryegrass—clover swards,

A variable fraction of the plant K (depending on the pasture
utilisation level) is returned to the soil in plant residues.

Potassium in the plant residues is readily available for recycling
as K is in ionic combination in plants and readily leached from plant

residues (Thompson and Troeh, 1973).

I1.2.1.3 The animal K pool

The animal potassium pool comprises that K present in the grazing
animal at any one time. In relation to the quantity of K in the cycle,
K in the animal pool will be negligible. For example, at a stocking

1

rate of 2.5 cattle ha ' with a body liveweight of 350-400 kg each and

2
a K content of 0.19% (Maynard, 1937), only 1.7 - 2.0 kg K ha ! will be
present in the animal pool.

The annual animal K pool turnover figure will be considerably
1arger; Assuming a pasture utilisation figure of 80% at a production
level of 10,000 kg D.M. ha™? yr™}, from 160-240 kg K ha”! will be
ingested annually.

Cattle retain only about 10% of the K ingested (Davies et al.,
1962; Hutton et al., 1967). Sheep retain 287 of the K ingested when
fed at a maintenance rate (Grace and Healy, 1974). Therefore most of
the K ingested is returned to the pasture in excreta. Research
indicates that off-grazing site deposition of excreta and an uneven
areal distribution of excreta within the grazing area results in
inefficient recycling of this K (Peterson et al., 1956a, b; Davies et
al., 1962; Hilder, 1964, 1966; Hopper and Clement, 1956; During and
Weeda, 1973).

I1.2.2 POTASSIUM LOSSES FRCOM THE K CYCLE

Potassium is lost from the soil-plant-animal cycle in drainage
waters, in animal products, and in animal excreta deposited in

unproductive sites outside or within the grazing area.

I1.2.2.1 Potassium drainage water losses

Potassium is transported in both surface and subsurface drainage
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waters. Losses from the readily plant available pool, and hence the X

cycle, occur with movement in surface runecff to streams and with
leaching beyond the zone of plant K uptake.

Potassium drainage water losses have been investigated in
laboratory, glasshouse, lysimeter and field studies. Generally, in
the field investigations, losses from cropped and fallowed soils have
been determined. However, in this review, only K losses from permanent
pastures and the factors influencing the maguitude of these losses are

reviewed.

I1.2,.2.1.1 Potassium leaching losses in laboratory and glasshouse
studies

The tendency for K to move in percolating water through a variety
of New Zealand topsoils has been investigated in both soil leaching
column and glasshouse pot experiments. The experimental techniques
used and relevant results of the more comprehensive studies are
summarised in Table IV. 1In these studies, fertiliser K lcsses varied
widely (< 1% -~ 72%), depending on soil propertics and fertiliser
treatmente, Losses in these investigations are likely to be higher
than losses occurring in the field for the reasons discussed earlier
(IT.1.2.1.1), with respect to S leaching (Munson and Nelson, 1963;
Peverill et als; 19755 Ward, 1967).

Laboratory and glassnouse studies (Tabtle IV) have shown that soil
properties and fertiliser treatments influence the extent of K leaching.
Leaching losses tend to be greater when soils exhibit little ability to
fix K. Davies et al. (1962), in the only comprehensive study under-
taken on K leaching in New Zealand soils exhibiting varying abilities
to fix K, reported that a yellow-grey earth and rendzina (containing
primary and/or secondary micaeous clay minerals in appreciable
quantities (Fieldes, 1968)) lost little K in percolating waters. In
contrast, a yellow-brown lbam, yellow-brown sand, yellow-brown pumice
soil, organic soil aﬁd several podzols (lacking K retentive minerals)
lost a large fraction of the applied K. Another yellow-brown loam,
the Horotiu sandy loam, lost little K in the leachate (Davieg et al.,
1962). Subsequently, Hogg (1968) reported that this particular
yellow-brown loam does fix K.

The chemical type of K fertiliser applied may also influence the
extent of K leaching. Davies et al. (1962) and Hogg and Cooper (1964)

reported that K leaching losses were greater when the associated anion



Table 1V

Potassium leaching losses in laboratory and glasshouse otudies

Soil Experimental poll. pree  ater mpplied Potassium fertiliser Potassium
treatment or quantity Reference
properties  techniques treatment leached
procedures leached
(1) Yellow- Undistributed Water applied 130 kg K/ha in KCI 1% K
brown loam soll cores - until 380 mm applied
from 1-150 mm; leachate
pasture collected 260 ® 4% K
grown applied
Saunders
540 W 14% K and
applied Metson
{1959)
540 kg K/ha in B% K
urine applied
1080 kg K/ha in 150K
urine applied
(1) Yellow- Glasshouse 2,540 mm 'K applied at 26Z K
brown loam pot trialj N.R water applied typical rates applied
0-150 mm under urine spot' Davies
soil depth; in KCI and Hogg
pasture (1960)
growth Urine 30% K
_ applied
(1) Rend- Hogg's (1960) Soil 130 kg K/ha in KCI 4% K
zina leaching sieved, N.R. applied
e S T R bulked )
(2) Podzols 0-70 mm soil and air- 29% & 68%
dried K applied
(1) Yellow- 6% K
grey earth applied
(1) Brown- 2% K
granular applied
clay
(2) Yellow- 44% K Davics et
brown loams . applied al. (1562)
-New Plymouth
brown loam
-Horotiu 6% K
sandy loam applied
(1) Organ- 31% K
ic seoil applied
(1) Yellow- 697 K
brown applied
pumice soil
(1) Yellow- 53% K
brown sand applied
(1) Pedzol 2 " Water applied 112 kg K/ha in KCI  27% ditto
until 2,000
mm leachate u KHCO, 5% ditto Hogg and
collected Cooper
" KC1+ super 61% ditro (1964)
" KHCO3 + super 53% ditto
(1) Yellow- Lid b N.R. 250 kg K/ha in KCI  72% ditto
brown sand
—— L Hogg
(1) Yellow- 87 aitre (1968
brown loam
(1) Yellow- Glasshouse Soil Water applied 105 kg K/ha in KCI < 1% K
brown earth pot trial; sieved until 250 mm applied
0-200 mm and bulked leachate Mull
soil depth; when moist collected - Her
—————— pasture _— ancsl
(1) Yellow- grown Water applied < 5% K M;:g\;zeney
browvn until 360 mm applied ( )
punice leachate
soil collected
(1) Yellow- Glasshouse Soil air- Water applied 117 kg K/ha in KCI  12Z K
grey earth pot trial of dried, until 420 mm applied Muller
=Tokomaru 2 years sieved and leachate ‘nd )
silt loam duration; bulked collected 425 kg K/ha 1in KCI 6% K ; Swee
e corited Sy
pasture
grown

() refers to the number of soils studied.

N.R. = not reported.
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was susceptible to leaching (e.g. chloride or sulphate cf. phosphates,
carbonate or bicarbonate). Hogg and Cooper (1964) results are given
in Table IV. Davies et al. (1962) did not report on the actual X
losses occurring with various K fertilisers.

Applying superphosphate in conjunction with either potash or
potassium bicarbonate promotes K leaching (Davies et al., 1962; Hogg
and Cooper, 1964). Davies et al. (1962) attributed this to the
presence of sulphate in superphosphate.

_Fertiliser K loss as a fraction of that applied may be influenced
by the application rate., Saunders and Metson (1259) found that K
losses were proportionally higher when K was applied to a fellow-brown
loam at heavy rates. However, Muller and McSweeney (1977) reported
that K loss as a fraction of the K applied, to a yellow-brown earth,
decreased at heavier rates (Table IV). A difference in scil properties
may account for this difference in behaviour at varying K application
rates. Fixation will have been promoted at heavier K application
rates in the K retentive yellow-grey earth thereby reducing the quantity
of K susceptible to leaching. In contrast, losses will tend to be
greater at heavier rates on the yellow-brown loam as it is likely to

fix little potassium,

Hogg (1968, 1975) investigated the extent of K leaching in several
New Zealand coils in lysimeter studies., An insignificant fraction of
the K applied (> 1,100 kg ha™ ') in excreta and/or potash was leached
beyond the 105 cm depth in either a yellow-brown lcam (i.e. 27 in two
years (Hogg, 1968)) or yellow-brown pumice soil (i.e. 4% in three years
(logg, 1975)) under permanent pasture. However, the limited informa-
available (Ozanne et al., 1965) suggests that K losses from the upper
10 cm may be more relevant in terms of plant available soil K losses.
In Hogg's (1968, 1975) investigations a major fraction of the applied
K was leached into the 15-45 cm depth in the yellow-brown loam while

movement occurred in the non-retentive pumice soil to a depth of 90 cm,

I1.2.2,1.3 Potassium drainage water losses in field studies

Potassium losses in both surface and subsurface drainage waters
have been investigated in the field.
No studies undertaken in New Zealand have directly measured

drainage water losses. However, Davies et al. (1962), using a
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fertiliser K recovery approach, determined indirectly the likely extent
of K leaching in a yellow-brown loam. Yellow-brown loams exhibit
little or no ability to fix K and Davies et al.'s findings suggest that
potassium’leaching occurred to a substantial extent. After 39 weecks
only 767% of the applied K was accounted for by pasture uptake or in the
upper 23 cm of soil. This downward movement of K was of little
significance as, after two years, 95% of the K was recovered, The high
recovery ffgure may be due to the sward composition. This sward was
dominated by the deep rooting paspalum grass. Under a ryegrass-white
clover sward the rooting depth will be shallow and leaching of greater
significance.

In overseas field studies, potassium losses in both surface and
subsurface drainage waters have been measured directly (Bolton et al.,
1970; Kilmer et al., 1974; Burke et al., 1974).

Bolton et al. (1970) monitored K leaching losses in tile (70 cm
soil depth) discharge waters from ungrazed, unfertilised and fertilised
(34 kg K ha™? yr ') plots in permanent bluegrass pasture. During this
seven year study, an average of only 0.12 kg K ha ! and 0.56 kg K ha™!
was leached annually from the unfertilised and fertilised plots
respecfively. .

Kilmer et al. (1974) mezsured dissolved K losses from two steeply
sloping (i.e. 35-407 sleping) catchments supperting permanent grazed
bluegrass swards, under an average annual rainfall of 1,050 mm.
Potassium drainage water (surface and subsurface) losses were determined
by analysis of the catchment streamflow. In the first year of this
study, prior to K fertilisation, 3.71 kg K ha™! were lost from one
catchment and 7.30 kg K ha™! lost from the other catchment. The latter
catchment was only recently sown in bluegrass and a higher soil
erodability factor may account for the higher K loss. There was little
evidence of an increase in K losses in the second year when 24 kg K ha™!
was applied. An average of only 4.0 kg K ha! yr ! was lost from both
catchments in the three years following K fertilisation.

Burke et al. (1974) measured K losses from a poorly drained, heavy
textured gley soil in permanent pasture, at a gently sloping site.
Surface runoff and subsurface K losses were determined separately.
Potassium leached from a fertilised plot was determined by analysis of
- mole discharge waters. Potassium lost during the six year study
interval was insignificant (2.5% or 32.4 kg K ha™!) in relation to the

quantity of fertiliser K applied.
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Potassium concentrations in surface runoff from an unfertilised,
undrained plot closely reflected K concentrations in the rainfall. The
actual quantity of K lost varied from 1.12 - 4.20 kg ha™! yr"1
depending on the total amount of runoff (ranged from 250-700 mm yr“l).
Fertiliser K surface runoff. losses varied depending on the soil
moisture content and the pattern of rainfall following fertilisation.
Wet soil conditions and intense storm evenits soon after K applications
induced lafge surface runoff losses., On one occasion 127 of the
potash K applied (94 kg K ha™') to both undrained and drained plots,
was lost in five days in only 8.4 mm of surface runoff., On another
occasion a surface runoff event did not occur until 15 days after the

K was applied and then only 5% of the 125 kg K ha™!

applied was Jlost
in 21.8 mm of water. Mole drainage gencrally reduced fertiliser K
losses as a greater quantity of water infiltrated into the soil .
(Burke et al., 1974). Overall, 7.4% (i.e. 96 kg K ha™!) and 2.4% (i.e.
30 kg K ha™!) of the K applied in six years (i.e. 1,250 kg ¥ ha™!) was
lost in surface runoff from the undrained and drained plot

respectively.

17.2.2.1.4 Conclusions

Potasgsium leaching losses in laboratory, glasshouse and lysimeter
studies have shown that K leaching occurs to a lesser exient in K
retentive than non-retentive soils. Findings of the few overseas
field investigations undertaken have indicated that, in the situations
considered, K surface and/or subsurface drainage water losses were not
important cycling-K loss mechanisms. Field research into K leaching in
New Zealand soils 1s meagre. Potassium surface runoff losses have not
been measured under New Zealand conditions although large surface runoff
events are likely to occur from many New Zealand soils in winter months.
There is a need for the direct measurement of both surface and sub-

surface K drainage water losses under New Zealand conditions to confirm

the findings of overseas studies.

IT1.2.2.2 Potassium losses associated with grazing animals

Potassdum is lost from the soil-plant-animal cycle in animal
products and excreta deposited in unproductive areas outside and within
the grazing area.

In a recent study (New Zealand Dairy Exporter, July 1978) it was
found that 64 kg K-ha-l was lost annually from high producing New
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Zealand dairy farms; 10 kg K ha™! in milk and culled animals, and
54 kg K ha™! in excreta deposited in dairy sheds, races and
unproductive areas within the grazing area.

Potassium losses attributable to sheep 1s likely to be lower.
During (1972) suggested that 20% of the K ingested by sheep is lost
in wool, culled animals and excreta deposited in unproductive sites.
In a high producing New Zealand pasture, with an animal intake figure
of 220 kg K ha™? yr—l K losses associated with sheep might, therefore,

amount to about 45 kg K ha™!,

1T7.2.2.3 Coneclusions

The limited published information suggests that K losses
associated with the grazing animal may amount to an important fraction
of the cycling K. Further research is necessary in New Zealand to
determine the significance of K drainage water losses in inducing

pasture deficiencies.

I1.2.3 POTASSIUM ADDITIONS TO THE K CYCLE

Potassium may be added to the plant available soil XK pool, and
hence the K cycle, with the release of non-exchangeable soil XK, in

rainfall, and by the application of K fertilisers.

IT.2.3.1 Non-exchangeable K additions

Non-exchangeable soil K may be an impertant source of plant
available soil K in soils containing the primary micaeous minerals
(biotite and muscovite), basic glass and/or the secoﬁdary clay
minerals, illite and vermiculite (e.g. Fieldes and Swindale, 1954;
Metson, 1968). The following review on non-exchangeable K is based
on Fieldes and Swindale's (1954) findings and Reitemecir's (1951),
Arnold's (1960), Fieldes' (1968), Metson's (1968) and Schroeder's
(1974) review papers.

Potassium is released into the plant available soil K pool with
weathering of primary minerals. The readily weathered miczecus
mineral, biotite, releases K more rapidly than the comparatively
resistant micaeous mineral, muscovite. Basic glass is readily
weathered and the mineral K released quickly.

The secondary micaeous clay minerals contain ‘fixed' or

specifically adsorbed K. The weakly weathered illitic clay minerals
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contain mainly, 'native' fixed K (i.e. K fixed during the formation of

secondary clay minerals during weathering of the primary micaeous

minerals). Vermiculite, in contrast, contains little 'native' fixed K

but the expanding type, clay vermiculite, exhibits a marked capacity to

fix K when water soluble and exchangeable K levels increase (i.e.

contains 'added' fixed K). Deplection of the plant available pool

resulte in the release of fixed K. The more severe the available K

depletion, the higher the rate of K release. 'Native' fixed K is

released more slowly than 'added' fixed K.

The important role that non—exchangeable scoil K may play in
achieving or maintaining high pasture production levels is illustrated
by the results of a New Zealand study undertaken by Metson and Hurst
(1953). Pasture production and available soil K levels remained
virtually constant over a four year trial period although about
1,000 kg X/ha was removed from the K~cycle in animal excreta not
returned to the pasture. Metson and Hurst (1953) concluded that the
release of non-exchangeable K in this recent soil, occurred at a rate
sufficient to continuously replenish the plant available K pool.

The zonal and intrazonal New Zealand soils can be subdivided ianto
three groups on the basis of their ability te offset K losses from the
cycling pool, by the release of nen-exchangeable K (Metson, 1968;
During, 1972), including:

(a) Group 1. Non-exchangeable K is released at a rate sufficient
to meet plant requirements at high levels of pasture production.
This group includes the brown-grey earths; southern yellow-grey
earths; the weakly weathered southern and central yellow-brown
earths, and the young red and brown loams.

(b) Group 2, Non-exchangeable potassium is released too slowly to
maintain high levels of pasture production. This group includes
the more strongly weathered yellow-brown earths,

(¢c) Group 3. Non-exchangeable K is almost or entirely absent.
Included in this group are the yellow-brown pumice soils;
yellow-brown loams; brewn granular lecams; brown granular clays;
organic soils, and the older red and brown loams. Pastures on
these soils tend to be consistently K-responsive.

In recent and related scils ('azonal' soils) the nature cﬁ the
alluvial parent material and the degree of weathering (affecting the
soll mineral composition), influences the importance of

non-exchangeable K as a source of plant available K.
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11.2.3.2 Potassium rainfall additions

Potassium is added to the plant available soil pool in precipita-

tion. Measured additions from this source in New Zealand (< 6.83 kg K

s

ha™! yr~' — Rukuhia Soil Research Station Annual Report 1962) are,

however, negligible in relation to pasture K requirements.

I1.2.3.3 Fertiliser potassium additions

In reéent years the incidence of pasture K deficiencies in New
Zealand has become fairly widespread, reflecting an overall increase
in production levels. Regular K applications are necessary to ensure
high pasture production levels over large arsas of the North lsland
and in some regions of the South Island (During, 1972).

Potassium is generally applied in the highly soluble fertiliser

potash, at a rate of about 150 kg kg™ !

annually. However, actual
fertiliser K requirements may be considerably less. During (1972)
concluded that the limited field evidence published, indicated that
K-responsive New Zealand pastures require only 20-10C kg K ha
annually, depending on animal stocking rates and the rate zt which
non-exchangeable K is released. Recent field study results (the New

Zealand Dairy Exporter, July 1978) agree with During's findings.

11.2.3.4 Conclusions

Non-exchangeable K may be an importaat source of plant available
K in New Zealand soils containing appreciable quantities of primary
and secondary micaeous mincrals, or basic glass. When non-exchangeable
K is not released at a rate sufficient to offset losses K fertilisaticn
is essential to-attain, and subsequently maintsin, high pasture and

animal production levels.

I1.2.4 GENERAL CONCLUSIONS

Potassium deficiencies frequently cccur in New Zealand pastures.
The K cycle turnover rate is unlikely to limit productivity.
Potassium losses from the cycling pool must, therefore, erceed K
additions. Undoubtedly, K losses associated with the grazing animal
may play an important rele in inducing pasture K deficiencies. Further
investigations are necessary, however, to determine the significance of
K drainage water losses in inducing K deficiencies under New Zealand

conditions.
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CHAPTER III , METHODS AND MATERTALS

II1.1 SOIL PROPERTIES

Studies investigating the magnitude of S and K drainage water
losses from the Tokomaru silt loam were conducted. The Tokomaru silt
loam is a weakly leached, moderately-strongly gleyed soil type
belonging to the ycllow-grey earth soil group. Yellow-grey earth soils
occur extensively throughout the Manawatu and Wairarapa areas and in
mid Hawkes Bay, Otago, Marlborough and Canterbury.

The Tokomaru silt loam occurs on the flat to rolling (< 12% slopes)
high terraces of the Manawatu and Rangitikei vivers (Cowie, 1972j.
Together the Tokomaru silt loam flat and rolling phases cever a total
area of 8,910 ha. Mean annual rainfall over this region ranges from
860-1,140 mm (Cowie, 1972).

The average annual rainfall recorded at the experimental site

is 1,020 mm (Scotter, unpubl.j.

Profile descripticn of the Tokomaru silt loam

The following profile description is based on the reports of Cowie
(1972) and Pellok (1974).

A slightly mottled silt to heavy silt loam, the A horizon, exterds
to a depth of approximately 35 cm. Internal drainage is slightly
imperfect and Fe and Mn concretions occur in the lower part of this
horizon.

A mottled clay loam to clay, the E horizon, extends to a depth of
about 75 cm. Iron and Manganese concretions are present and internal
drainage is impeded.

A frazipan, situated at a depth of about 75-145 cm overlies a
sandy clay loam,

Pasture roots are abundant in the upper 20-25 cm and a few .extend

into the B horizon.
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Clay mineralogy

The A and B horizons have a clay content of about 23% and 30%
respectively. This clay fraction is comprised almost entirely of 2:1
micaeous clay minerals. Mica and illite are the principal clays
although vermiculite and interstratified clays are also abundant. Clay
size feldspar particles occur in limited quantities (Pollok, 1974).

Although non-exchangeable K levels are likely to be high because
of the composition of the clay fraction, exchangeable K levels are low
throughout the profile at about 0.2 me./100 gm (Pollok, 1974).

Kaolinite and halloysite (i.e. 1:1 clays) are present only in
trace amounts and allophane is absent (Pollok, 1974). Therefore, as
in other yellow—greylearth soils (Metson, 1969), the S04-S retention

capacity is low (i.e. 5% (Muller and McSweeney, 1977)).

ITI.2 FIELD TECHNIQUES USED FOR INVESTIGATING S0,-S
AND K SURFACE RUNOFF LOSSES

T1T:2:1 [EIELD METHODS (1876)

In 1976 water soluble S04-S and K surface runcoff losses from both
undrained and drained plots on the Tokomaru silt loam were measured

over a 41 day period from May 28 to July 8.

Description of the surface runoff plots and
flow monitoring installations

Site descriptions for the four plots (plots 1-4 inclusive) from
which runcff lcsses were measured, are given in Table V, These runoff
plots were bordered on two sides and upslope with wooden boards placed
in the soil to a depth of 10 cm and extending 8 cm above the surface to
prevent runoff from entering the trial area. On the downslope edge
plastic guttering sunk into the soil to be level with the ground
surface, collected runoff from each plot and discharged it into large
polyethylene containers. Child's stage recorders monitored surface
runoff from plots 1 (undrained) and 3 (drained). Water discharged into
the storage containers from plots 2 (undrained) and 4 (drained) was
neasured at the conclusion of two runoff events, at the beginning of
the study. Virtually the same quantity of water was discharged from
these plots as from the respective drained or undrained plot where
Child's stage recorders monitored flow rates. Subsequently, therefore,

the amount of water discharged from plots 1 and 2; arnd plots 3 and 4,
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was assumed to be the same.

Fertiliser S and K applications

All plots had a recent history of regular S and K fertiliser
applications. 1In late October 1975, 200 kg 15% potassic superphosphate
was allied to all plots. In 1976, superphosphate (57 kg S ha™ ') and
potash (50 kg K ha ') was applied to plots 1 and 4 on May 28 (Table V).

Pasture management

The runoff plots were fenced off to grazing animals and the

grass-clover swards mown immediately prior to this investigation.

Runoff sampling procedure

At the conclusion of each runoff event, during the interval May
28 to July 8, a water sample was taken from each of the polyethylene
containers. These samples, collected in polyethylene bottles, were
millipore filtered (< 0.4 jm) within 12 hours of sampling and

subsequently stored at -1°C until analysed for SO04-S and X,

This runoff study was terminated on July 8 as cattle gained entry

to the plots damaging the wooden boards and plastic guttering,

IT.2.2 .FIELD METHODS (1977}

In 1977, water soluble S0,-S and K surface runcff losses from

undrained pastures on the Tokomaru silt loam were measured.

Description of the runoff plots and
flow monitoring installations

Four runoff plots (plots 5-8 inclusive) were laid down in a
catchment adjacent to that from which 1976 runoff losses were measured.
Site description for the four plots are given in Table V.

The construction of these plots was as outlined for plots 1-4.
Child's stage recorders were installed to monitor flow rates at plots
5 and 8. It was assumed that a similar quantity cf water was

discharged from the plot immediately adjacent to each of these plots.

Fertiliser S and K applications

All plots had a recent history of regular S and K fertiliser

application. In early November 1976, 380 kg of 157 potassic super-



Table V Site descriptions of the surface runoff plots used in 1976 (plots 1-4 inclusive) and 1977 (plots 5-8

inclusive) and fertiliser S and X treatments.

1 2 3 4 5 6 7 8
Area m? a1 41 41 61 55 55 55 55
Slope 6° 30
Aspect SW Sw NE NE SW SW sw 10)
Drainage status undrained undrained drained* drained® undrained wundrained undrained undrained
S kg ha™* 57 - - 57 55 55 - -
K kg ha™! 50 - - 50 55 55 - -

*
mole (45 cm depth) and tile (75 cm depth) drained.

LE
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phosphate was applied to all plots. On June 10, 1977, 55 kg S ha=!
was applied to plots 5 and 6 in liquid superphosphate (Table V).
Liquid superphosphate was obtained by dissolving solid superphosphate
in water over a period of several days. This was applied in prefer-
ence to solid superphosphate to permit another investigation to be
undertaken at the same time,

On July 1, 1977, potash was applied to plots 5 and 6 at a rate of
55 kg K ha™! (Table V).

Pasture management

All four plots were mown and fenced off to grazing animals two
weeks before the study was due to commence. However, during this
intervening period cattle obtained entry to plots 5 and 6 for a 24
hour period from June 5-6. Although, subsequently, the soil surface
in plots 5 and 6 was puggy and excreta had been deposited on these

plots the study was undertaken.

Runoff sampling procedure

Runoff samples were taken from each of the collecting tanks at
the conclusion of each runoff event occurring after June 10 until
surface runoff events ceased to occur in mid-September. These samples
were millipore filtered within 12 hours of collectiou and stored at

-1°C until analysed for S and K.

IIT.3 FIELD TECHHIQUES USED FOR INVESTIGATING S0,-S
AND K LEACHING LOSSLES

Description of the field plots and
flow monitoring installations

Eight field plots had been laid down and flow monitoring equipment
installed for another study. These facilities were used in the present
study.

These eight plots (plots 1-8 inclusive), each 1,250 m?

in area,
were situated on flat land (0-1° slope) adjacent to the 1976 surface
runoff plots (Plate I). Four plots (plots 5-8 inclusive) had been
irrigated over the spring-autumn period in each of the preceding five
years,

The experimental area was originally mole and tile drained about

35 years previously, but remoled about five years ago. Each plot was



Plate I  View of the subsurface drainage plots.

Plate II Apparatus used manually to sample and obtain
'representative' samples of, the percolate.
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independently drained. Mole drains of 2 m spacings at a depth of 45 cm,
discharged water into a single tile drain at a depth of 75 cm. The

tile discharge flow rate for each plot was monitored continucusly by

flow meters designed by the M.A.F.

Fertiliser S and K applications

Before 1975 fertiliser S and K had been applied regularly to all
plots. In 1975 and again in mid-1976, 380 kg of 15% potassic super-
phosphate was applied to plots 1, 4, 5 and 8. In late 1976 380 kg of
15% potassic superphosphate was applied to plots 2, 3, 6 and 7.

In 1977 dissolved $0,-S and K concentrations in water discharged
from each of the eight plots, were monitored for a six week period
before fertiliser S and K was applied to four of these plots.

Fertiliser S and K was applied to selected paired plots in 1977.
The four non-irrigated plots were paired on the basis that mean 504-5
concentrations in the three flow events occurring during the interval
May 18 to July 1 were similar and/or that mean concentrations in these
flows varied in a similar manner. The four irrigated plots were paived
on the same basis. Paired plots included 1 and 3, 2 and 4, 5 and 7,
and 6 aﬁd 8. Subsequently, on July 1, superphosphate, at the rate of
43 kg S ha™! and potash at a rate of 56 kg K ha~! was applied to one

of each of these paired plots, namely, plots 2, 3, 6 and 7.

Pasture management

All plots were rotationally grazed by sheep. The dates on which
the various plots were grazed, and stocking rates, are given in the

Appendix, Table 1.

Tile drainage water sampling procedure

Plastic tubing holed at regular intervals along its lengtn was
inserted vertically in the tile drains at the outfall points {Plate II).
A fraction of the water flowing through the tile drains entered the
tubing through these holes and was drained away into large polyechylene
containers. The water collected in this manner comprised a constant
proportion of the quantity discharged as the lower the waten level in
the drains the fewer the number of holes submerged. Water in the
polyethylene containers was sampled 24 hourly, or at more frequent

intervals depending on the intensity of the storm event. These watex
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samples were millipore filtered within 12 hours of collection and stored
at -1°C until analysed for S04-S5 and K.

To ensure that S04-S and K losses as determined from these
'representative' samples accurately reflected SO4-S and K losses from
tile drains, losses determined from representative samples were
compared with losses determined from samples taken manually at frequent
intervals during several flow events.

Losses from both plots 5 and 8 were compared. Initially, water
discharge from plots 5 and 8 was manually sampled at 15 minutes over a
period of 6} hours during a flow event on May 25-26, These samples
were millipore filtered within an hour of collection and stored
overnight before determining SO4-S and K levels,

Instantaneous flow rates when these samples were taken were
obtained from the automatic flow meter data. Total soluble S504-S and
K losses were then determined from average concentrations and average
flow rates between samplings.

These values were compared with losses determined from a
'representative’ sample collected at the conclusion of the 6% hour
sampling interval, and the flow data.

A close relationship was established (Table VI) between £0,-S
losses determined by both procedures. Potassium losses from plot 5
were also in close agreement. However, there was a very poor relation-—
ship between manual and representative determinations of K loss from
plot 8. The K leaching loss was underestimated using the representa-
tive sample approach., The water discharged from plot 8 was
discoloured because of a high fine sediment content. In contrast,
water discharged from plot 5 was clear. These findings suggest that
solution K may have been retained by clay particles in the collecting
containers before the representative sample was taken and filtered.
Potassium retention in the manually obtained samples apparently
occurred to a considerably lesser extent because these samples were
filtered within a hour of collection.

Water discharged from plot 8 was again intensively manually
sampled on June 17. Samples were taken at regular 10 minute intervals
over a five hour periocd and filtered within balf-an-hour of collection.
Sulphate-sulphur and potassium losses determined from analyses of
these samples and flow data, and a 'representative' sample and flow

data were compared. The results, outlined in Table VI, show a much



Table VI

Soluble sulphate-sulphur and potassium tile drainage water losses on May 25-26 and June 17, .determined
from frequently, manually obtained samples of the discharge water and from a representative sample.

Load (gm/plot)

Date Plot =3 K
DlSChBrge L Representative ALERUATER Weter Representative
sampled regularly ——s— sampled regularly el
(15 minute intervals) R (15 minute intervals) senp
May
25-26 3 59.4 63.0 (A i | 49.9
8 32.7 33.5 326 24,5
(10 minute intervals) (10 minute interwvals)
J‘f;‘e 8 19.3 19.0 7.6 7.5

Y
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closer relationship for K and confirm the earlier established strong
relationship between SO,-S losses measured by both procedures. On this
occasion water discharged from plot 8 was discoloured at the beginning
of the flow event but rapidly became clear. These results appear to
confirm the suggestion that when the sediment content in the drainage
water was high, X retention by the clay fraction substantially reduced
measured dissolved K losses in the representative samples.

Water discharged from plots 7 and 8 had a high sediment content
only after lengthy dry periods. Water discharged from the remaining
plots was clear. Therefore, overall the representative sampling
procedure for determining SO4—S and K leaching losses was considered

adequate.

III.4 SOIL SAMPLING

Soil samples were taken from each of the eight leaching plots &t
2-3 weekly intervals during the period May 18 to October 13. Twelve
samples taken from depths 0-10 cm, 10-20 cm, 20-40 cm and 40-60 cm in
each plot were bulked, sieved (< 4 mm) and frozen at -5°C until

analysed for S04,-S and K levels.

I1I.5 RAINFALL MEASUREMENT AND SAMPLIRG FOR S AND K LEVELS

Rainfall was recorded by a Lambrecdt 30 day continuous reccrder
located adjacent to the subsurface drainage plots.

Rainfall S and K additions were determined by analysing rain
collected in a glass container. This container was placed adjacent
to the subsurface drainage plots, in the ground but extending about
45 cm above the surface in an area fenced off to grazing sheep. It
was installed on May 5, 1977 and thercafter samples were collected at
irregular intervals on May 25, June 17, June 27, July 5, August 12,
September 9, September 30, and October 30. These samples were milli-

pore filtered and stored at -1°C until analysed for S and K levels.

III.6 JABORATORY PROCEDURES

All chemical analyses were done in duplicate or, in the case of

excess variation, until results agreed to within 5%.
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IIT.6.1 Water chemical analyses

Soluble sulphate-sulphur levels in the rainfall and drainage

wvaters were determined on millipored samples. Ten ml aliquots were
evaporated to dryness overnight in an oven at 80°C and S levels
measured by the method of Johnson and Nishita (1952). 1In this method
sulphur is reduced by heating with a mixture of hydriodic acid,
hypophosphorus acid and fermic acid. The HyS released is reacted with
zinc acetate to form ZnS. Acidification of the ZnS solution releases
hydrogen sulphide which reacts with P-aminodimethylaniline to form
methylene blue. The intensity of the methylene blue formation,
indicating the S04-S content, was measured colerimetrically in a
Unicam SP 600 series 2 spectrophotometer at 670 my.

Soluble potassium levels in the rainfall and drainage waters were

determined by emission spectrophotometry. Strontium nitrate was added
to filtered water samples (to give a strontium ion concentration of
2,000 ppm) preventing interference by calcium and magnesium vhen
measuring potassium concentrations. Potassium concentrations were
then measured on a Perkin-Elmer 306 A.A. Spectrophotometer at a wave-

length of 383 nm, using an air-acetylene flame.

I1T.6.2 Soil chemical analyses

Soil SO.-E levels: A 6 gn (oven dry weight) moist, soil sample

was shaken for one hour with 30 ml of distilled water. The suspensiocon
was centrifuged and millipore filtered. A 5 ml aliquot of thisz extract
was then evaporated to dryness overnight and the S content determined
by the methed of Johnson and Nishita (1952).

Phosphate-extractable soil SO04~S levels in several soil samples
were also measured to determine the likely size of the chemically
adsorbed SO4-S soil fraction. Soil samples from depths 0-10 cm and
40-60 cm were shaken with Ca(H,P04)».H20 containing 500 ppm P, as
proposed by Fox et al. (1964). Extraction ef S determination
procedures were as outlined previously in relation to water soluble
SO04-S levels.

Water and POy-extractable S0,~S levels were similar (Table VII)
indicating that a limited quantity of absorbed S0,-S was present in the

Tokomaru silt loam.
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Table VII Water soluble and PO,-extractable soil SO4-S levels in the
Tokomaru silt loam prior to fertilisation.

Soil depth Sample S0,-S (ug.gm )
interval (cm) No.
Water soluble PO,-extractable
0-10 1 8.65 9.45
2 13.40 12.35
40-60 1 11.80 14.80
2 16.30 18.80

Soil potassium status: A 15 ml aliquot of the extract obtained by

shaking 6 gm (oven dry weight) of moist soil with 30 ml of distilled
water for one hour was analysed for water soluble soil K., Strontium
nitrate (2,000 ppm St) was added and K concentrations determined by
emission spectrophotometry.

Ammonium acetate extractable soil K levels were also determined.
Six gm of moist soil (oven dry weight basis) was shaken for one hour
with 1 N NH4OAc (pH 7), centrifuged and filtered. Potassium concen-—

trations in the extracts were determined by emission spectrophotometry.
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CHAFTER IV RESULTS AND DISCUSSION

IV.1 SULPHUR
IV.1.1 SULPHUR SURFACE RUNOFF LOSSES
IV.1.1.1 Surface runoff (1976)

Water was discharged from the two undrained and two drained runoff
plots on seven and six occasions respectively during the interval May
28 and July 8. At this stage the study was terminated as dairy cows
obtained entry to the plots damaging runoff collection apparatus.

Storm events during this interval were generally intence and of long
duration (> 24 hours). The first runoff event frem the undrained plots
occurred on June 6. Water was not discharged from the drained plots
until June 12.

Total dissolved S04,-S losses, fertiliser S losses, mean dissolved
S04—-S concentrations in the runoff, and the amount of water discharged
from the undrained and drained plets are given in Table VIII.
Fertiliser S losses were calculated by subtracting SO04-S lost from the
unfertilised plot from that lost from the associated fertilised plot.

TABLE VIII Dissolved sulphate-sulphur surface runcff losses in 1977,
the quantity of water discharged from both undrained and
drained plots and mean SO4-S concentrations in the runoff.

B Fertiliser Mean S04-S . £y
Plot Treatment NS Cade S loss concentration BEEES
kg ha™! kg ha™? ug m1™? m’ ha™?!
1 Undrained,
fertilised* ' 5.5 4.6 645
hi
2 Undrained, RS
unfertilised*#* 0.9 1.0
3 Drained,
' unfertilised a2 0.8
4 Drained, 241
fertilised 1.2 1.0 5.0

*® o
57 kg ha™! S applied in (solid) superphosphate on May 28, 1976.
Kk
S fertiliser not applied in 1976.
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The addition of S fertiliser, and artificial subsurface drainage
influenced the magnitude of S04-S runoff losses considerably.

Only a negligible fraction of that S required annually by grass-
clover pastures was removed from the unfertilised, undrained and
drained plots in runoff waters.

Sulphur fertilisation enhanced runoff losses approximately
six-fold. In only six weeks a significant fraction of the applied S
(8.0% or 46 kg S04-S ha™!) was discharged in runoff water from the
undrained plet. Only 1.8% of S applied in superphosphate (1 kg S0,-S
ha™!) was lost from the drained plot.

Mole and tile drainage reduced S04-S losses from the unfertilised
and fertilised plots approximately 4.5-fold. A greater volume of
water infiltrated into the drained soil resulting in a 3.5-fold
reduction in the surface runoff water yield. This reduction in water
yield contributed in part to the lower S0,-S runoff losses., Mean
S504~S concentrations in runoff from the drained plots were also lower,
probably as less water moved downslope over the drained plots resulting
in less so0il and fertiliser particle disturbance.

Figure 1 illustrates that S504-S concentrations were highest in
water discharged from the fertilised plots in the first runoff event
following fertilisation. Subsequently S04-5 concentratione fell as
less fertiliser S was available for transport in runoff water.

Calcium sulphate is only sparingly soluble and the gradual reduction in
concentrations observed is a reflection of this. The application of

57 kg S ha™' to undrained and drained plots continued to influence
S04-S concentrations in runoff, and hence runoff losses, six weecks
after fertilisation. Total surface runoff losses in 1976 may, there-
fore, have been considerably greater than the losses measured in this

six week study.

IV.1.1.2 Surface runoff (1977)

Water was discharged from the four undrazined plots on 14

occasions during the experimental period June 10 to September 19. The
first runoff event occurred only one day after S was applied. The

total quantity of dissolved SC4-S lost from each plot in surface runoff
waters during this interval, mean dissclved S04~S concentrations in the
runoff, and the amount of water discharged from the adjacent plots are

given in Table IX.
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Table IX Dissolved S04-S surface runoff losses in 1977, the quantity
of water discharged from the adjacent paired plots and mean
S04~S concentrations in the runoff.

Plot Pregtmont S04,=S loss coﬂgzztigzgin Water yield
«g ha™! g m1™? m?® ha™!
5 Fertilised*, grazed¥** 8.4 6.7 1250
6 " " 7.6 6.1
7 Unfertilised, ungrazed 0.9 0.7 1157
8 ks 9 0.8 0.7

*
55 kg ha™! S applied in liquid superphosphate on June 10, 1977.

ek
25 hour grazing event from June 5-6.

Only a negligible fraction of that S required annually by grass-—
clover pasture was discharged from the unfertilised plots (0.8 kg SC4-S
ha™') as dissolved SO04-S.

A considerably greater quantity of S04-S5 was lost from the
fertilised plots (8.0 kg SO4,-S ha™?). Both § fertilisation and grazing
cattle, which obtained entry to plots 5 and 6 just prior to this study,
may have enhanced runoff losses.

The larger $04,~S losses associated with the fertilised, grazed
plots were the result of a greater water yield in addition to higher
mean SO04-S concentrations in the runoff (Table IX)., The higher mean
water yield may be attributable to the grazing cattle, with soil
surface plugging reducing the extent of water infiltration. The higher
S04=S concentrations may reflect both fertiliser and excretal S
(subsequently referred to FE) transport downslope in runoff waters.
Because of the experimental design it is not possible to isclate a
possible cattle effect on runoff losses from a fertiliser effect.
However, their combined effect was to increase losses occurring during
the following three month winter-spring interval by, on average,

7.2 kg SO4,-S ha !.

Mean dissolved S04,-S concentrations in water discharged from the
unfertilised and fertilised plots in each flow event are presented in
Figure 2. As S was epplied in liquid superphosphate, rapid entry of
the applied § into the soil and hence, a sharp decline in runoff
conaentrations to levels appreaching concentrations in runoff from

unfertilised plots might be expected. Concentrations initially fall
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Figure 2 Mean dissolved S0,-S concentrations in surface runoff

from unfertilised and fertilised plots in each flow
event (1977).
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rapidly from a peak in the flow event immediately following
fertilisation. Later, however, there was a more gradual decrease.
This suggests that S entering the soil was retained to some extent, in
a zone subsequently flushed by surface runoff water. This may result
with rain disturbing the soil surface layer and/or with soil water
lateral movement and discharge at the surface downslope.

At all stages throughout the three month study, SO04-=S councentra-
tions in runoff from the fertilised grazed plots were higher than
concentrations in runoff from the unfertilised plots. Hence an
application of 55 kg S ha”' in liquid superphosphate and/or a 24 hour
grazing event enhanced surface runoff losses throughout this interval.

The FE S5 loss pattern within this three month interval may be
determined from the relationships existing between cumulative mean
S04-5 loss from the fertilised grazed, and unfertilised plots, and
water yield in each flow event. These relationships are given in
Figure 3. As expected, most of the FE S lost was transported dowvnslope
in the first few runoff events following fertilisation and grazing. On
average, 107 of the total FE S lost was removed in the first runoff
event (occurring two days after fertiliser S was applied and six days
after grazing) in only 31 m? ha™! of water. A further 40% (i.e. 50%
cumulative loss) of the total FE § lost was transported downslope in
two further events in 17i m® ha™! of water. Altogetuer, approximately
85% of the total FE § lost was removed in the first 625 m® ha™! of
water discharged (507 of the total water yield) from the fertilised
plots.

In both of these runoff investigations, fine soil particles
markedly discoloured runoff from the undrained plots. Adsorbed and
organically bound S associated with this sediment fraction was not
determined. Total S runoff losses from these plots will therefore have

been greater than measured losses.

IV.1.1,3 A comparison between runoff losses in 1976 and 1977

Measured losses from undrained plots in 1976 (i.e. in 841 m® ha™!
of runoff ) may be compared with $0,-S losses in the initial 840 m®

ha™! of runoff water discharged from undrained plots in 1977.
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Figure 3 Cumulative S04-S surface runoff losses from unfertilised and
fertilised plots in 1977.

7L fertilised

) ha o0

Mean cumulative dissolved SO4-S loss kg.haTl
nN

=Y

. e

s o
4 M’JM unfertilised

b
[‘h" 1 1 L 1 1 1 1 H 1 1 1 1 1
100 200 300 400 500 600 700 8&CO 800 1000 1100 1200 1300

Cumulative surface runoff water yield m3ha™1,



53

Sulphate-sulphur losses from undrained, unfertilised plots in
1976 and 1977 in this runoff water were similar (0.9 and 0.8 kg SO04,-S
ha~! respectively).

Additional S04-S lost from the fertilised plots in 1976 (57 kg S
ha?! applied) and 1677 (55 kg S ha™! applied) totalled 4.6 and 6.5 kg
ha ™ respectively. This difference largely reflected a greater loss
from the plots fertilised in 1977 in the first 250 m® ha”! of water
discharged.(Table X). The application of solution S immediately (i.e.
within one day) prior to the occurrence of a runoff event resulted in
a large runoff loss in 1977. The application of § in 1976 in a form
less susceptible (i.e. solid superphosphate) to rapid transport in
runoff water resulted in a comparatively small loss initially. The
prelonged (nine day) interval between fertilisation and the occurrence
of a runoff event in 1976 probably also contributed to the reduced loss;
with infiltration of a fraction of the applied S occurring in rainwater
received during the intervening period.

Table X The fertiliser (1976) and fertiliser and excretal § (1977)
loss pattern in the initial 840 m® ha™! of runoff waters
discharged in 1976 and 1977

Cumulative S04-S discharged in
runogf ylfld n¥ e 1976 1977
m° ha : i =]
runoff ~g ha
250 250 1.9 4.0
420 170 1.2 Lol
840 420 1+5 1.4

The observed similarity in losses occurring in the following 590

n® ha™!

of runoff was unexpected considering the different forms of
fertiliser S applied. The finding, however, supports the earlier
proposal that a fraction of the applied solution S (in fertiliser and

urine) was retained in a zone subsequently flushed by runoff water.

IV.1.2 SULPHUR LEACHING LGSSES

IV.1.2.1 Dissolved S0O,-S tile drainage water losses

Water was initially discharged from tiles draining plots 5, 6, 7
and 8 (i.e. irrigated plots) on May 18, 1977; plots 2 and 4 on May 31;

and plots 1 and 3 on June 3. Altogether 12-13 flow events occurred
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before the tile drainage season concluded on September 21. Dissolved
S04—-S losses in the drainage water, mean S04—-S concentrations in the
leachate, and the amount of water discharged from each of the eight
plots in 1977 are given in Table XI (see p.65).

On average, 11 kg ha™! $0,-$ was leached from the four
unfertilised plots. This quantity of S0,-5 comprises an important
fraction (approximately 30%) of the S required annually by grass-
clover pastures.

Leaching losses from the S fertilised plots were generally
considerably larger. The influence of S fertilisation on the magnitude
of S04-S5 leaching losses was determined over the 17 week interval July 1
to September 21 by comparing losses from the replicate unfertilised
and fertilised plots. Dissolved SO4-S losses in the three flow events
preceding fertilisation varied between the eight plots. The effect of
this variation on 504-5 losses from the replicate unfertilised and
fertilised plots after July 1 was reduced using covariance analysis, and
adjusted mean S504-S obtained (Table XII).

Table X1I Actual and adjustcd mean SOy4-$ tile drainage water losses
from unfertilised and fertilised plots during the interval
July 1 to September 21, 1977.

Actual SO04-S loss Adjusted SO4—S loss®
Treatment -] 3 ~1
kg ha kg ha
Unfertilised plots 6.56 1o i
Fertilised plouts 12.14 11.58

Difference 4,47 * 1.47%%

%

Covariance analysis — F-test 8.47 significant.
*%

Difference significant at the 95% confidence level.

A comparison between these adjusted mean 804-S loss values shows
that a significantly greatef quantity of dissolved SO4—S was leached
from the fertilised than unfertilised plots. Sulphur fertilisation
(43 kg ha™!) increased S04~S tile drainage water losses by 4.47 i 1.47
kg ha™?!, representing 10.47% of the applied S.

The manner in which fertilisation influenced the extent of S04-S
movement in percolating water throughout this 17 week interval may be
determined by ccmparing S04-S concentrations in leachate from the
unfertilised and fertilised plots.

Mean dissolved SO4-S concentration for each flow event in 1977




Table XI Dissolved S0,-S lost in tile discharge water from each of the eight plots during 1977, the
quantity of water discharged from each plet and mean S04-S concentrations in the leachate,

Mean SC4=-S

Plot Treatment o i EEEE JRC concentration
kg ha™? m? ha™! pg ml™?
1 NF 9,23 1,096 8.4
2 F 146.36 1,640 8.8
3 F 15.98 1,344 - 14:8
4 NF 5.87 1,552 3.8
5 NE* 15.84 2,096 9.5
6 T* 16.14 1,720 9.4
7 F* 21.24 1,960 10.8
8 NE* 8.99 1,848 4.9
F = 43 kg S ha~! applied on July !, '977.
NF = Flots not fertilised in 1977.

%
irrigated plots.

SS
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(determined for each plot from total dissoclved SO4-S loadings and total
flow data) for 'paired unfertilised and fertilised plots' (III.3) are
given in Figure 4, Dissolved S04-S concentrations in leachate from the
unfertilised plots tended to remain comparatively stable throughout the
tile drainage season. Sulphate-sulphur concentrations in leachate from
the fertilised plots increased after fertiliser was applied on July 1.
The pattern of these increases suggest that fertiliser S was leached in
several 'waves'. For example, sulphate-S concentrations in leachate
from plet 7 in particular (but also plots 3 and 6) increased immedi-
ately after fertilisation. This may reflect rapid fertiliser §
leaching down cracks in the Tokomaru silt loam which develop over the
summer due to earthworm activity and soil shrinkage (Scotter, pers.
comm.). Subsequently, concentrations fell prior to z more gradual
increase in concentrations in leachate from all the fertilised plots.
This delayed fertiliser effect will reflect the comparatively slow
leaching of most of the applied S fertiliser through the soil bulk.
Hydrodynamic dispersion and SO4-S soil interaction (i.e. adsorption)
will have dispersed the leaching front resulting in the gradual
increases observed.

Although this field trial was designed principally to measure
leaching losses from unfertilised and fertilised plote, the trial
design also enabled the effect of irrigation on S leaching lusses to
be measured.

The wide variation in dissolved S04-S losses from replicate
unfertilised and fertilised plots (Table XI) reflected, in part, a
wide variation in the quantity of water discharged from the replicate
plots (Table X¥). Plots irrigated the summer preceding this study
lost, on average, an additional 500 £ water ha~! (Table XIII). These

Table XIII Mean dissolved S0,-S tile drainage water leaching losses

frecm non-irrigated and irrigated plots in 1977, and mean
water yields.

Preatment Mean SOQ—S_}OSS Mean water_yield
kg ha kg ha
Non-irrigated 11,36 1408
Irrigated 16,53 1906
Difference 5.17 n.s. 498 n.s.

n.s. = not significant.
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Figure 4 Mean dissolved S0,-S concentrations in leachate
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Mean dissolved SO4-S concentrations in leachate
discharged from paired unfertilised and fertilised
plots in each tile drainage event in 1977.
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higher water yields were associated with greater S504-5 leaching losses.
On average, an additional 5.2 kg ha=! $04-S was lost from the
irrigated plects (Table XIII). However, this increase was not
statistically (t-test) significant, probably due to the lack of
replicates rather than the absence of an effect.

In this study, total dissolved SO4-S leaching losses from the
upper 50 cm of soil in all plots may have been underestimated.
D. Scotter (pers. comm.) and M. Turner (pers. comnm.) using different
methods calculated that significantly.more water was lost from these
plots in 1977 than that measured via the tile drains. Scotter
calculated water yields from rainfall figures and soil moisture
contents, determined at regular intervals in 1977. Turner predicted
water yields from the relationship established between rainfall
values and the amount of leachate collected from these plots in the
preceding five years. They suggest that cracks may have developed in
the fragipan and water seepage beyond the pan may have occurred during
winter. Water seepage through the Tokomaru silt lcam fragipan has
been observed (B. Clothier) at a nearby site. If this were the case
dissolved SO4-S will have by-passed thé tiles in percolating water.
The measured S504-5 losses in this study therefore represent minimal

values.

Vale2:2 Prediction of S0,-S tile drainage water losses

The prediction of dissolved S0,-S lesses in subsurface drainage
waters from soil analytical data (water soluble soil SO4-S levels —
Appendix, Table 2) was investigated.

Two parameters were selected to describe the transport of
dissolved S04-S in subsurface drainage waters:

(i) mean dissolved S04-S concentrations in selected flows, and

(ii) total dissolved S04-S loadings in these flow events.

Mean dissolved SO4-S5 concentrations were regressed against water
soluble S504-S contents of various soil depth intervals to 60 cm.
Sulphate-sulphur levels at a particular soil sampling were related to
S04-S concentrations in the flow event immediately following the soil
sampling.

Correlation coefficients for the relationships, water soluble soil
S04=-S levels vs mean dissolved SO0,-S concentrations in the drainage

water are given in Table XIV.
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Table XIV Relationship between mean dissolved SO04—-S concentration in
tile drainage water and water soluble soil S0,-S levels at
different depths expressed as correlation coefficients.

Soil depth

cm 5
0-10 0.590%%
10-20 N.D.
0-20 ‘ 0.707%%
20-40 0.581%%*
0-40 0.769%%*
40-60 N.D.
J0-60 0.735%%

**Bighly significant (P < 0.01).

N.D. Relaticnships not determined as visual assessment of the graph,
mean dissolved S04-S concentration vs water soluble S04=S level
suggested only poor relationships existed.

Highly significant relaticonships existed between mean dissolved
SO4=-S concentrations in the drainage water and water soluble SO0,-S
levels at all depths considered. The strongest linear relationship was
obtained, however, when the water soluble S04-S content of the upper
40 cm of soil was considered (Figure 5). This indicates that dissolved
S04-S was leached from all depths in the upper 40 cm of soil in
individual flow events.

As the mole drains were situated at a depth of 45 cm, an improved
relationship may have been obtained if water soluble SO04-S levels in
the 40-45 cm depth had also been considered. This could not be
confirmed as the soil was not sampled at this depth.

_ The highly significant relationships observed above indicate that
the wide variations reported earlier in SO4-S losses from replicate
plots were partly attributable to differences in SO4~S levels in these
replicate plots.

Total dissolved SO4=S loadings in each flow event immediately
following soil sampling were also regressed against water soluble SOq~§
levels in the upper 40 cm of soil. Sulphate-sulphur loadings were not
significantly related to water soluble soil SO4~S levels.

As mean dissolved S04-S concentrations in the leachate but not
total dissolved S04-S loadings, were related to water soluble S04-S

levels in the soil, the quantity of water discharged was the prime
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factor influencing the relative quantity of SO4,=S lost from plots in

each flow event.

IV.1.2.3 Fertiliser S recovery in the soil

Mean water soluble SO4-S levels in plots 2, 3, 6, and 7 (i.e.
plots subsequently fertilised) on July 1, and plots 1, 4, 5 and 8 did
not differ significantly prior to fertilisation (Table XV). Fertiliser
S precsent as water soluble SO4—-S in the upper 60 cm of soil at each
so0il sampling after July 1 may, therefore, be determined by comparing
SO0y~5 levels in the unfertilised and fertilised plots. T-test
comparisons (Table XV) showed that a significant fertiliser effect
existed at all samplings. Fifteen weeks after fertilisation, 28 kg
ha”! of the 43 kg S ha"! applied in superphosphate was recovered as
water soluble SO4—-S in the upper 60 cm of soil.

Table XV  The average quantity of water soluble S0,~-S present in

plots Z, 3, 6, 7 (0-60 cm) in excess of that present in
plots 1, 4, 5, 8 (0-60 cm) prior to and after fertilisation.

Date . S04-S (kg ha—1)
June 24 0.9
July 12 54, 4%
August 3 35.0%%*
August 19 25.2%
August 30 29,2%
September 27 33.4%%
October 13 29, 1%*

*
significant (P < 0.05).
*k
highly significant (P < 0.01).

Differences in mean water soluble S0,-S levels in plots 2, 3, 6
and 7 and plots 1, 4, 5 and 8 at each soil depth sampled immediately
prior to and after S was applied are graphed in Figure 6. Prior to
fertilisation S04-S levels at each depth in plots 2, 3, 6 and 7 closely
approximated levels in plots 1, 4, 5 and 8. Hence differences
occurring after July 1l indicate the fertiliser § distribution pattern
within the upper 60 cm of soil. On July 12, eleven days after
fertilisation, mozt of the applied S was recovered in the upper 10 cm
of soil. Sulphate-S levels below the 10 cm depth in the fertilised
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Figure 6 The average quantity of water soluble soil SO04-S (0-60 cm)
present in plots 2,3,6 and 7 in excess of that present in
plots 1,4,5 and 8 at each sampling prior to and after fertil-
isation, and rainfall received between sampling intervals.
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plots were also slightly higher than corresponding levels in the
unfertilised plots indicating that a small fraction of the applied S
was rapidly leached down the profile. This was reflected in higher
dissolved SO4-S concentrations in tile drainage waters from the
fertilised plots (IV.1.2.1).

Under the leaching conditions which prevailed, with time, a
progressively larger fraction of the fertiliser S in the upper 60 cm
of soil was recovered below the 0-10 cm depth. By August 19
fertiliser S in the upper 60 cm was concentrated at the 10-20 cm
depth. Fertiliser S leaching occurred to a minimal extent.over the
interval August 19-30, evidenced by the similar fertiliser S
distribution patterns. Little rainfall was, however, received during
this interval (Figure 6) and no tile flow events occurred. TFertiliser
S in the upper 60 cm of soil was evenly distributed throughout the
upper 40 cm on Octeober 13 when this study was concluded.

Although fertiliser S losses in tile drainage water amounted to
only 4.5 kg S ha™!, losses from the plant uptake zone may have been
considerably larger. The fertiliser S distribution pattern (Figure 6)
shows that substantial amounts of § moved beyond the topsoil depth of
20 cm., Although plant roots penetrated to the maximum soil depth
sampled (60 cm) at thie site, evidence (During, 1972; Gregg, 1970)
sugpests that in heavy textured soils plants obtain most of their S
from the topseil. In this study measured fertiliser SO04-S leaching
losses from this active zone of uptake totalled 18.23 kg ha™? (Table
XVI), or 50% of the applied S. Total fertiliser S leaching loss may
have been even larger. Some S méy have been,

(i) 1leached beyond the 60 cm depth and/or

(1i) 1leached beyond the 20 cm depth and subsequently adsorbed.

Table XVI  Measured fertiliser S leaching loss from the upper 20 cm
of soil in 1977.

SO4-S tile drainage water loss (kg ha™}) 4.47
S04-S recovered in the 20-60 cm depth (ka bha !) 13.76

Total leaching loss: 18.23

Despite the large fertiliser S leaching loss, an application of
43 kg $04~S ha™! in autumn maintained the water soluble SO4-S content

of the upper 20 cm of soil in spring (Table XVI1) at a level adequate
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to meet pasture S requirements for an extended length of time. In

contrast, in spring, insufiicient water soluble SO04-S was present in

the upper 20 cm of the unfertilised plots (Table XVII) to meet pasture

S8 requirements for an extended length of time unless this pool was

subsequently replenished at a relatively rapid rate.

Table XVII  Mean water soluble SO4-S contents of the upper 20 cm of
soil in the replicate plots in autumn before the tile

drainage season commenced, and spring after the tile
drainage season had concluded.

Water soluble S0,-S content

kg ha™!
Plots
May 18 prl?r o October 13
topdressing
1, 4, 5, 8 (unfertilised) 19.4 7.9
2, 3, 6, 7 (fertilised) 23.1 22.2

IV.1.3 RAINFALL SULPHUR ADDITION

Rain reccived, S concentrations in the rain and dissolved S rain-
fall additions measured over irregular intervals throughout the
interval May 12 to October 30, 1977, are given in Table XVIII.

Measured S concentrations suggest that S concentrations do not
vary in a consistent manner on a seasonal basis. Therefore, assuming
that the mean S concentration in rain received in the remaining seven
months of 1977 was similar, with an annual rainfall figure of 960 mm
(Scotter, unpubl. data), approximately 5.5 kg ha~! of 8 was received

in the rainfall during 1977.

IV.1.4 GENERAL DISCUSSION

Surface runoff

Findings of the present runoff studies are of particular importance
a2s no earlier studies have investigated the magnitude of S runoff losses
from pastures.

In this study the 'unfertilised' treatment represents the situation

where fertiliser S is applied in spring YOctober-November). It can be



Table XVIII Rain received S,concentrations in the rain and total rainfall addition
over the interval May 12 to October 30, 1977.

Interval between

sanpbing ohe Dissclvecéuz rc.‘;cl)E?)entrations Rain(ul!;f:)ceived
rain collected o
May 12 - 25 0.47 67
May 25 = June 17 0.38 80
June 17 - 27 0.65 46
June 27 - July 7 0.35 39
July 7 - August 2 ' 0.56 : 78
August 2 - September 2 0.42 : 74
September 2 - 30 1.00 97
September 30 - October 7 0.80 28
October 7 = 30 0.62 9

1]

Total rainfall S addition over the period May 12 to Cctober 30 3.1 kg ha~l.

89
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concluded from the results that S losses from superphosphate applied
in the previous spring will be negligible, irrespective of whether
the pastures are drained or undrained.

The fertiliser treatments in these studies represent situations
where superphosphate is applied in late autumn. Results show that
autumn applied fertiliser S losses in runoff from undrained pastures
may be substantial.

Dissolved SO4-S surface runoff losses measured in the present
studies may differ somewhat from the actual losses occurring from
large scale areas (paddocks or catchments). In large scale areas the
erosional power of runoff water is likely to be significantly greater
due to the greater velocities attained in moving large distances
downsleope. Ponding of surface runoff and subsequent SO4-S entry into
the soil at the base of slopes will tend to reduce runoff losses.
Neverthelese, important factors governing runoff losses, including
soil infiltration characteristics and the rainfall pattern will be
the same. Therefore losses are likely to be of a similar order of
magnitude.

In the present study no attempt was made to predict runoff losses
from soil data, as done by Sharpley et al. (1977) in relation to P

surface runoff losses. This would seem a useful field for research.

Leaching

The 'unfertilised' treatment in the leaching study also represents
the situation where S is applied in spring. Findings indicate that in
this situation leaching losses from drained, grazed pastures will be
substantial. Losses from pastures fertilised in late autumn will be
significantly higher.

The rapid movement of fertiliser S observed in this study closely
reflects the pattern of fertiliser S movement reported by Gregg (1576)
in several Canterbury soils (yellow-brown earths and recent alluvial
soils) which are also characterised by low S0y-S retention capacities.

Fertiliser S leached beyond the 20 cm soil depth in the present
investigation (18.2 kg S ha™! or 427 of the applied S) exceeds that
fraction of the applied S leached from the Tokomaru silt loam in
Muller and McSweeney's (1977) glasshouse investigation (average 11.5 kg
S ha~! yr~! or 10% of the applied S). The comparatively small
fertiliser S loss reported by Muller and McSweeney (1977) is, however,

surprising as unfertilised soils in this glasshouse study lost, on
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average, 25 kg S ha™! yr7i,

Attempts to predict tile drainage S losses from soil data in the
present study met with moderate success. Since it is relatively
simple to measure leaching losses from drained pastures on the
Tokomaru silt loam it would seem worthwhile more fully to investigate

soil S04-S/discharge relationships.

Total drainage water losses

In the present study it was not possible to conduct the surface
runoff and subsurface leaching experiments on similar land. The
surface runoff plots were gently sloping (6° 5') whereas the surface
drainage plots were flat (0—10). Surface runoff losses from the
subsurface drainage plots would have been lower because of increased
infiltration following ponding at the soil surface. Subsurface
drainage water losses from the runoff plots would be lower because a
greater fraction of the water will move downslope as surface runoff.
Nevertheless, the results indicate that total tile drainage and surface
runoff losses from drained pastures fertilised in spring would have
exceeded 7.5 kg dissolved S04-S ha™! yr~!, Losses from the pastures
fertilised in autumn would have exceeded 15.0 kg dissolved SO4-S ha™!
e,

Total drainage water losses [rom undrained pastures were not
invectigated. Losses are also likely to be high, as any reduction in
leaching losses at sloping sites (as a consequence of reduced
infiltration) will tend to be offset by the larger surface runoff
losses observed. The relationship between drainage water losses from
undrained and drained pastures could be further investigated.

The results suggest that where drained pastures were fertilised
in spring S received in the rain in 1977 was likely largely to offset
drainage water losses. A significant net S loss (in relation to
annual pasture S requirements) will have occurred from pastures
irrigated the preceding summer and/or fertilised in autumn. Measured
surface runoff losses also indicate that S received in the rain was
unlikely to offset likely total drainage water losses from undrained
pastures.

The importance of leaching and surface runoff as loss mechanisms
in the Tokomaru silt loam may be illustrated by comparing measured
losses with reported immobilisation losses and losses associated with

grazing animals. Drainage water S losses exceed losses associated
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with grazing animals (i.e. 3-7 kg S ha™! yr—t (During, 1972)). Losses
from pastures fertilised in spring are generally low in comparison
with immobilisation losses reported in a range of New Zealand

pastural soils (i.e. 7.2 - 18.5 kg S ha™! (0-15 cm) yr"1 (Jackman,
1964)). However, measured drainage water losses from pastures
fertilised in autumn are generally high in comparison to immobilisation

losses.

IV.2 POTASSIUM
IV.2.1 POTASSIUM SURFACE RUNOFF LOSSES
IV.2.1:1 Surface runoff (1976)

Dissolved K lost from each of -the four runoff plots during the
interval May 28 to July 8, fertiliser K losses and mean concentrations
in the runoff are given in Table XIX..

Table XIX Dissolved K surface runoff losses in 1976 and mean K
coucentrations in the runoff.

) K loss Fertiliser K loss Mean K concentrations
Plot Treatment

kg ha™! kg ha™! ug ml !

1 Undrained,

fertilised® 2:6 1.5 ot
2 Undrained,

unfertilised#®* P 1.3
3 Drained,

unfertilised 0,3 _ 1.2
4 Drained,

fertilised 0.6 0.3 2.5

3
50 kg K ha™! in potash on May 28, 1976.
L+ .
K fertiliser not applied in 1976.

Potassium lost from each cf the four plots was negligible in
relation to annual pasture K requirements, Both K fertilisation and
drainage influenced the magnitude of these losses. )

Potassium fertilisation enhanced losses from undrained and drained
plots 2.5- and 2-fold respectively. Fertiliser K runoff losses were,
nevertheless, minimal in relation to the quantity of K applied ($ 3%).

Mole and tile drainage influenced runoff losses to a considerably

greater extent than K fertilisation. Drainage reduced the K lost from
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unfertilised plots 3.5-fold. This reduction reflected the 3.5-fold
reduction in water yield associated with mole and tile drainage.
Potassium runoff losses from fertilised piots were reduced 4.5-fold
by mole and tile drainage. This reduction was a reflection of both a
lower mean dissolved K concentration in the runoff and a lower water
yield.

Mean K concentrations in runoff from the four plots in each flow
event are given in Figure 7.

The lower initial K concentration in runoff from the fertilised
drained than undrained plot (Figure 7) indicates that a greater
fraction of the applied K had infiltrated into the drained plot before
a flow event occurred. However, concentrations in runoff from the
undrained plot fell rapidly from a peak in the flow event immediately
fellowing fertilisation., This pattern is probably a reflection of the
highly scluble nature of potacsh. Most of the fertiliser K not lost in
the first few flow events apparently entered the soil and subsequently
was not susceptible to transport in surface runoff. Despite this
rapid infiltration of fertiliser K, fertilisation continued to
influence K concentratione in runoff (Figure 7) from the undrained

plots in particular, throughout this six week study.

IV.2.1.2 Surface runoff (1977)

Dissolved K lost from each of the four undrained plots during the
interval June 10 to September 19, the amount of water discharged from
plots 5 and 6, and 7 and 8, and K losses prior to after July 1 when
55 kg K ha"! was applied to plots 5 and 6, are given in Table XX.

Only a negligible fraction of that K required annually by grass-
clover pastures was transported in surface runoff waters from the
unfertilised plots (i.e. plots 7 and 8). Considerably more dissolved
K was lost from plots 5 and 6 both prior to and after fertilisation
(four-£fold increase).

A 24 hour grazing event enhanced losses prior to fertilisation.
This increase reflected in part a larger surface runoff water yield.
Dissolved K concentrations in the runoff water from plots 5 and 6 were
also considerably higher (Figure 8), reflecting excretal K movement
in the runoff water.

An immediate increase in the mean K concentration in runoff from

plots 5 and 6 followed K fertilisation (Figure 8). This increase in




Figure 7 Mean dissolved K concentrations in surface runoff from each

plot in each flow event (1976).
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Table XX Disscolved potassium surface runoff losses in 1977, losses prior to and after fertilisativn of two
of the four plots, and water yields. '
June 10 - July 1 July 1 - September 19 June 10 - September 19
Plot SRR K loss Water yield K loss Water yield K loss
kg ha™! m’ ha™* kg ha™! kg ha™!
5 Fertilised*, grazed 0.7 4.6 5.3
156 1094
6 Fertilised, grazed 1:1 4,7 5.8
e ild Ex 3
7 Unfertilised 0.2 1.2 1%
ungrazed
120 1037
8 Unfertilised, 0.2 1.1 1.3
ungrazed

xSS kg ha~? K applied in potash on
ek
Fertiliser K not applied in 1977.

July 1, 1977.

9L
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Figure 8 Mean dissolved K concentrations in surface runoff from
unfertilised and fertilised plots in each flow event (1977).
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concentration presumably reflected fertiliser K transport downslope.
Mean K concentrations fell rapidly in subsequent flow events and by
August 10 (61 days after K was applied) K runoff levels closely
approximated K concentrations in runoff from the unfertilised plots.
Fertiliser {and excretal) K was subsequently not liable ta transport
in surface runoff water,

The pattern of fertiliser (and excretal) K less after July 1 may
be determined by comparing mean cumulative K loss curves for thez
unfertilised and fertilised plots (Fiéure 9). Probably only a

comparatively small quantity of excretal K was lost after fertilisation

and hence, most of the fertiliser K lost in runoff was transported
downslope in the first few flow events following fertilisation. In

the flow cvent occurring only two days after fertilisation, 327 of the

! of water. Another 23%

-1

total applied Klost was lost in only 47 n® ha~
of the total K lost,was transported downslope in a further 68 m® ha
of water in two additional flow events. Altcgether 957 of the applied

K lost in runoff was discharged in the fivst 547 m® ha™! (i.e. 50% of

the total water yield)of runcff water.

In these studies, K losses in sediment discharged in the surface
runof f were not measured. Sediment markedly discoleoured runoff waters
from undrained plots. This sediment was likely to contain K in
appreciable quantities duc to the K retentive nature of the clay
fraction (2:1 clays dominate) in the Tokomaru silt loam. Total K
surface runoff losses from unfertilised and fertilised plots (in
particular the undrained plots) may, therefore, have been considerably

underestimated by measuring dissolved K runoff losses,

IV.2.1.3 A comparison between runoff losses in 1976 and 1977

Losses from unfertiliced plots in 1976 and 1977 in the initial
840 m® ha™'! of runoff (discharged after K was applied to the associated
fertilised plots) were similar. Additional K lost from the fertilised
plets was equivalent to 3.0%Z (1.5 kg K ha™) and 6.3% (3.5 kg K ha™')
of the fertiliser K applied in 1976 (50 kg K ha™) and 1977 (55 kg K
ha ') respectively. The X loss pattern in this runoff water

(summarised in Table XXI) shows that the larger total K loss in 1977
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Figure 9 Cumulative K surface runoff losses from undertilised and
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reflected a greater loss in the first 250 m® ha™! of water discharged.
Transport of solution K (received in urine) in runoff water may partly
account for the greater loss in 1977. However, the more important
factor was likely to be the different rainfall patterns immediately
following fertilisation. The occurrence cf several flow events within
four days of fertilisation would probably account for the large K loss
in 1977. 1In contrast the prolonged interval (nine days) between
fertilisation and the occurrence of a runoff event in 1976 would
favour a relatively emall K loss, as recorded; with a larger fraction
of the applied K infiltrating into the soil in the intervening period.
Table XXI  The fertiliser (1976) and fertiliser excretal K (1977) loss

pattern in the initial 840 m® ha™! of runoff water
discharged in 1976 and 1977.

Cumulative K discharged in
runoff m® ha™! runoff 1976 1977
yield 2o e s :
kg ha (% fertiliser K applied)
250 250 0.8 (1.6) 2.9 (5.3)
420 170 0.3 (0.6) 0.3 (0.5)
840 420 0.4 (0.8) 0.3 (0.5)

IVv.2.2 POTASSIUM LEACHING LOSSES

IV.2.2.1 Dissolved K tile drainage water losses

Dissolved K leaching losses and mean dissolved K concentrations in
leachate from each of the eight plots in 1977 are given in Table XXTII.

Dissolved K leached from the four unfertilised plots was negligi-
ble in relation to annual pasture K requirements. Potassium losses
from the fertilised plots in 1977 were also low.

The influence of K fertilisation on tile drainage water losses
over the 17 weeks interval, July 1 to September 21, was determined
using covariance analysis, as losses from the eight plots in the three
flow events prior to K fertilisation varied considerably. The
'adjusted mean K loss values' thus obtained for the unfertilised and
fertilised plots did not differ significantly (Table XXIII). Only a
negligible fraction (1.37%) of the applied K was leached in tile

drainage waters.
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Table XXIT Dissolved K lost in tile discharge waters from each of
the eight plots during 1977 and mean K concentrations in
the leachate.

Plot Treatment kl; 1hOaS__Sx Mean K ﬁ;n;igtlzration
1 NF 4,85 A
2 F 4.83 3.0
3 F 4.53 3.4
4 NF 3.21 2.1
3 NF* 8.10 3.9
6 B 3.02 1.8
i £ 3.82 1.9
- HEE 2.49 1.4
F = 55 kg ha ! K applied on July 1, 1977.

NF = DPlots not fertilised in 1977.

*
Irrigated plots.

Table XXIII  Actual and 'adjusted' mean K tile drainage water losses
from unfertilised and fertilised plots during the
interval July 1 to September 21, 1977.

Actual mean K loss Adjusted mean K loss*
tment
Treatmen kg ba"! ki ha>
Unfertilised plots 2:32 2.06
Fertilised plots 2551 2.77

Difference 0.7 n.s,

*
Covariance analysis F-test 1.52 — not significant.

n.s. = not significant.
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A comparison between mean K concentrations in leachate from paired
unfertilised and fertilised plots in each flow event during 1977
(Figure 10) suggests that K fertilisation did, however, enhance K
concentrations immediately after K was applied. This effect was most
pronounced in plot 7 and probably reflects the rapid leaching of a
esmall fraction of the applied K down crachks in the soil preofile.
Potassium concentrations in water discharged from the fertilised plots
decreased rapidly again (Figure 10), approaching values expected in
the ‘absence of a X fertiliser effect. Fertiliser Kentering the soil
was, therefore, almost entirely retained in forms not susceptible to
movement in percolating water,

Irrigation did not influence dissolved K leaching losses (Tabtle
XXIV). While a significantly greater quantity of water was discharged
from the irrigated than non-irrigated plots in 1977, the mean K
concentration in leachate from the irrigated plots was lower,

Table XXIV  Mean dissolved K tile drainupe water leaching losses from

non-irrigated and irrigated plots in 1977, mean water
yields, and mean K concentrations in the leachate,

Mean dissolved  Mean dissolved K Mean water
Treatment K loss concentration yield
kg ha™! jig ml™! m® ba~!
Non-irrigated
plots 4.36 3.21 1408
Irrigated plots 4,35 2.23 1206

As discussed earlier (IV.1.Z.1), leaching water may have
percolated beyond the 45 cm depth in these eight plots. Therefore,
total dissolved K leaching losses will have been underestimated by
measuring tile drainage water losses. Nevertheless, the magnitude of
these tile drainage water losses indicate that total K leaching losses

are likely to be low.

IV.2.2.2 Prediction of K tile drairage water losses

The possibility of predicting dissclved K losses in tile drainage
wvaters from water soluble soil K levels (Appendix Table 3) and
ammonium acetate (a.a.) extractable K levels (Appendix Table 4) were
investigated.

Two parameters were selected to describe the transport of K in
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Figure 10 Mean dissolved K concentrations in leachaie discharged from
paired untertilised and fertilised plots in each tile
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Figure 10 Mean dissolved K concentrations in leachate discharged from

Mean K concentration wuc¢.ml=1
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Figure 10 Mean dissolved K concentrations in leachate discharged from

Mean K concentration ug.mi.'

paired unfertilised and fertilised plots in each tile
drainage event in 1977.
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Figure 10 Mean dissolved K concentrations in leachate discharged from
paired unfertilised and fertilised plots in each tile
drainage event in 1977.
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subsurface drainage waters, viz.:

(i) mean dissolved K concentrations in selected flow events,

(ii) total dissolved K loadings in these flow events.

Mean dissolved K concentrations and loadings were regressed
against K contents of the 20-40 cm, 40-60 cm, 0-40 cm, and 0-60 cm
soil intervals. These ccil intervals were selected from visual assess-
ment of the graphs, K concentration and K loadings vs soil K levels at
all depths. In all instances potassium levels at a particular soil
sampling were paired with dissolved K concentrations and K loadings in
the drainage event immediately following soil sampling.

Significant (5% level) correlations existed only between mean
dissolved K cencentrations in the drainage water and water soluble
(r = 0.368) and ammonium acetate extractable K (r = 0.293) in the
upper 40 cm of soil,

Potassium loadings were not correlated with soil K levels,

These very poor relationships may be due to several factors
including:

(i) sclection of soil parameters whkich do not describe the

gquantity of K susceptible to leaching and/or

(ii) dmprecise characterisation of the soil K status (water

soluble and a.a. extractable K).
Water soluble and extractable (a.a.) X levels varied widel

(frequently in the order of 30 to 100 kg ha ™!

(0-60 cm) respectively)
over relatively short sampling intervals of 2-3 weeks. These varia-
tions, in general not attributable to K fertilisation, exceed tha
level of chaage that might be expected in the absence of K
fertilisation. 1t appears, therefore, that the soil sampling
techniques way have been inadequate,

The field plots were grazed on a rotational basis for several
years prior to, and during, this study. Occasional sampling of K
enriched excretal spots and/or K depleted areas may explain the
extreme variability in measured K levels. Soil SO04-S levels discussed
earlier did not display such marked variability. However, S04-S
applied in urine would tend to leach down the profile effectively

reducing the application rate.
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IV.2.2.3 PFertiliser K recovery in the soil

As only a negligible fracticn of the applied K was leached in tile
drainage waters, it seems reascnable to assume that this K was largely
retained in the upper 60 cm of soil. However, water soluble and
ammonium acetate minus water soluble (AA-WS) soil K contents of the
0-10, 10-20, 20-40, 0-40, and in the upper 60 cm of soil in the four
unfertilised and four fertilised plots did not significantly differ
(t=test) at any sampling after fertiliser K was applied.

* Several factors may explain this'negligible fertiliser K recovery
including:

(i) the extreme variability which existed in extractable K

levels (Appendix — Tables 3 and 4) between the replicate
plots at each soil sampling (a reflection of non-—
representative soil sampling), and

(ii) the retention of applied K in forms not extracted with

water or ammonium acetate.

The amount of K applied (55 kg ha~') was very low in relaticn to
the total quantity of AA-WS K already present in the upper 60 cm of
soil (average of 564 kg K ha™! on June 24). Therefore, even if
representative samples had been obtained, it would be difficult to
detect a significant fertiliser effect on AA-WS K levels in the 0-60 cm

depth.

IV.2.3 RAINFALL K ADDITIONS

Only 1.40 kg K ha™! was received in the rain over a period of
21 weeks from May 12 to October 30, 1977 (Table XXV).

Measured K concentrations in the rain (Table XXV) were lowest
in late winter-early spring. However, even if, as the figures
suggest, K concentrations were higher throughout the late spring—early
autumn interval, with a yearly rainfall figure of 960 mm (Scotter,

unpubl. data), K received in 1977 was unlikely to exceed 3.5 kg ha™%,
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Table XXV  Rain received, K concentrations in the rain and the total
K received during the interval May 12 to October 30, 1977.

Interval between

saupling the rain Dissolvmidz(ﬁ¥§¥¥mrations Rain éﬁ;ﬁived
collected : >
May 12 - 25 0.47 67
May 25 = June 17 0.38 80
June 17 - 27 0.65 " 46
June 27 - July 7 0.35 39
July 7 - August 2 0.56 78
August 2 - September 2 - 0.42 74
September 2 - 30 1.G0 97
September 30 - QOctocber 7 0.80 28
October 7 to 30 C.62 9

Total rainfall K addition over the period May 12 to October 30
= l.4 kg ha™?

IV.2.4 GENERAL DISCUSSTON

Surface runoff

Results of the present study are important as potassium surface
runcff losses from New Zealand pastures have not previously been
invecstigated.

The unfertilised treatment in this study represents the situation
winere fertiliser K is applied in spring. It may be concluded from the
results that losses of fertiliser (potash) K applied in late spring
from both drained and undrained pastures on the Tokomaru silt loam
will be negligible. Larger losses occur, particularly from undrained
pastures, if fertiliser K is applied in zautumn, Fertiliser K lost
will comprise a small but variable fraction of the K applied, depending
on the rainfall pattern jmmediately following fertilisation.

Losses in the present study are similar to losses reported by

Burke et al. (1974) in Ireland. In the latter investigation, losses
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from recently unfertilised pastures were small, ranging from 1.1 - 4.2
kg K ha™! Yfﬁl- Fertiliser ¥ losses from undrained and drained
pastures (averaging 7.4%Z and 2.4% respectively) varied depending on the
rainfall.pattern inmediately following fertilisation. Potassium
losses were considerably lower if pastures were tile drained.

Results of the present study also indicate that grazing cattle
enhance K runoff losses. Although a grazing effect on nutrient runoff
losses other than K have been reported (e.g. Sharpley et al., 1977),
this is the first reported finding with regard to potassium,

For reasons discussed with regard to S (IV.1.4), measured
dissolved K runoff losses from the small plots used in the present
study may differ slightly from losses occurring from paddocks or

catchments.

Leaching

The commonly made assumption that K leaching occurs to a minimal
extent in K-retentive New Zealand soile in the field was substantiated
by findings in the present field investigation.

Results of this study indicate that K losses from pastures
fertilised in spring or autumn will be insignificant in relation to
the quantity of X applied or annual pasture K requirements.

Leaching losses in this study (averaging 4.36 kz ha™') closely
parallel losses reported in cverseas fiecld studies (Bolton et z21.,
1970; Burke et al., 1974; Kilwer, 1974). In these overseas studies,

K tile or catchment drainage water losses from fertilised, grazed and
ungrazed pastures were low (£ 5.5 kg K hamlyr_l).

A greater quantity of water was discharged from the irrigated
than nonwirrigéted plots. . However, K concentrations in the leachate
were lower. These results suggest that a pool of readily leached soil
K existed which was depleted to a greater extent in the irrigated than
non-irrigated plots by the greater quantity of water percolating
through the soil. The existence of such a pool of readily leached
soil K was not supported by soil analyses, as very poor relationships
existed between measured soil K levels and K leaching losses. These
poor relationships observed may, however, be due to incorrect
selection of measured scil K parameters to describe the level of

readily leached K and/or imprecise determinations of the soil K
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Total drainage water losses

In the present jinvestigation surface runoff and leaching losses
were measured at different sites on the Tokomaru silt loam, Neverthe-
less, the results of these studies indicate that, irrespective of
whether fertiliser K is applied in autumn or late spring, total
drainage water K losses from drained pastures were unlikely to exceed
5.0 kg K ha™! in 1977.

The importance of the leaching component of drainage water losses
from undrained pastures was not investigated. However, potassium
leaching losses from undrained pastures are likely to be smaller than
losses from drained pastures because of reduced water infiltration.
Hence total drainage water losses from undrained pastures fertilised
in spring are also likely to be low. Research is required to confirnm
this hypothesis. Fertiliser K lost from undrained, gently sloping
pastures fertilised in autwnn may be significantly higher because of
a larger surface runoff loss. This loss will, however, only comprise
a small fraction of the applied K.

Rainfall analyses indicated that total drainage water losses
from drained pastures were likely to be largely offset by K received
in the rain in 1977,

A comparison between measured drainage water losses and reported
losses associated vith grazing animals (e.g. 64 kg K ha™! on high
producing dairy farms (New Zealand Dairy Exporter, July 1978); 45 kg
K ha™! on sheep farme (During, 1972)) indicates that surface runoff
and leaching were unimportant K loss mechanisms within the soil-plant-
animal cycle. Results indicate that the occurrence of pasture K
deficiencies on K retentive yellow-grey ecarth soils is nct attributable

to drainage water losses.
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CHAPTER V - CONCLUSIONS

This study bas shown that surface and subsurface drainage are
important S loss mechanisms in the Tokomaru silt locam, a low $0,-S
retentive yellow-grey earth soil.

Subsurface drainage losses from grazed pastures fertilised in
spring (average 11 kg ha™!) were likely to comprise an appreciable
fraction of the total losses occurring from the soil-plant-animal
cycle. The application of superphosphate S in late autumn resulted
in the loss of an appreciable fraction (10.4% or 4.5 kg S ha™!) of
this fertiliser S (43 kg ha™!) in the tile drainage water.

Fertiliser & lost from the major plant S uptake zone (0-20 cm) was
considerably greater.

The significance of surface runoff as a loss mechaniswm depends
on the method of drainage and fertiliser practices. Surface runoff
was not an important S depleting process

(1) at drained or undrained, gently sloping sites if fertiliscr

S was applied in spring, or

(i1) at drained sites if fertiliser S was applied in autumn.
Hewever, autumn applied fertiliser S (solution and solid super-
phosphate S) losses were significant (2 8%). Surface runoff is likely
to be an important drainage component in all the yellow-grey earth
soils. As most of these soils are undrained and superphosphate is
frequently applied in autumn, this loss mechanism will be important.

Total drainage water losses were likely to comprise an
appreciable fraction of the total S losses occurring from the soil-
plant-animal cycle. However, where superphosphate was applied in late
spring, drainage water lcsses from non-irrigated drained pastures were
likely to be balanced by § received in the rain. Rainfall additions
would not balance lossz2s from irvigated pastures fertilised in spring
cr pastures fertilised in late autumn.

For maximumr efficiency it would be preferable to apply super-

phosphate to weakly £04-5 retentive soils such as the Tokomaru silt




loam at times other than late autumn, winter or early spring. Under
the conditions likely to prevail at this time fertiliser S drainage
water losses may comprise an appreciable fraction of the S applied.
Consideration should be given to applying elemental S when conditions
favour leaching.

Drainage water (surface and subsurface) losses of K are low even
when fertiliser K is applied at a time wheu conditions favour losses.
Surface runoff is a more important loss mechanism than leaching bhut
will only be of consecuence when heavy rain immediately follows

fertilisation.
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CHAPTER VI SUMMARY

A review of relevant literature showed that little research had
been undertaken on the magnitude of S and K drainage water losses.

The principal aim of this study was, therefore, to investigate the
extent of S and K movement in surface and subeurface drainage waters
in a yellow-grey earth soil. To evaluate the possible significance of
these losses in inducing € and K pastﬁre deficiencies, rainfall S and
K additions were investigated. An attempt was made to predict £ and K
losses in tile drainage waters from soil S and K levels.

Dissolved S and K surface runoff losses from unfertilised and
fertilised pastures were measured at gently sloping undrained (1976,
1977), and mole and tile drained (1977) sites on the Tokomaru silt lecam.

Dissclved SO0,-S tile drainage water locses from four uniertilised,
and four S and K fertilised, pastures in 1977 were measured. Two
unfertilised and two fertilised plots had been irrigated each summer
of the preceding five years. Fertiliser S aund K leaching was also
monitored from changing soil levels, determined at 2-3 weekly intervals
over the autunn-spring interval.

Rainfzll received during the interval May 12 to October 30, 1977
wae apalysed to evaluate likely annual § aud K additions from this
source. |

Subsurface dissolved $04,-S tile drainage water losses from
unfertilised, nen—irrigate& plots in 1977 averaged 7.50 kg b
Unfertilised plots irrigated the preceding summer lost an additional
6.7 kg SO4-S ha™! (i.e. a total average of 14.2 kg S04-5 ha~1).

The addition of superphosphate (43 kg S ha™!), after the tile
drainage season had begun, significantly enhanced subsequent leaching
losses. Approximately 10% of the applied S was leached in tile
drainage waters before the drainage season concluded 17 weeks later.

In total 15.2 kg S0y=8 ha ! was discharged from the two non-irrigated,

fertilised plots in 1977. The two irrigated, fertilised plots lost,
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on average, 18.64 kg S0,-S ha™!.

In addition to the loss of 4.5 kg ha™! fertiliser S in tile
drainage water, another 13.8 kg ha ! of this applied S was recovered,
15 weeks after fertilisation, as water soluble S04-S leached beyond
the 20 cm depth (i.e. below the depth from which plants are likely to
obtain most of their S requirements).

An application of 43 kg S ha™! in July nevertheless majntained
the average SO4~S content of the upper 20 cm of soil in spring, at a
fairly high level (22.2 kg water soluble SO04-S haﬁl). Water scluble
S04-5 levels in the unfertilised plots in spring were cousiderably
lower {average 7.9 kg water soluble S0,-S ha™! 0-20 cm).

Surface runoff S504,-S losses from gently sloping unfertilised,
undrained and drained plots were low. Only 0.9 kg 504-S ha™! was
discharged from an unfertilised, undrained pasture over a period of
six weeks in 1976. Only 0.2 kg ha”! was lost from a drained plot
during this interval. On average, 0.8 kg SO4-S ha™'! was discharged in
surface runoff waters from unfertilised, undrained pastures throughout
a three month interval in 1977.

§ fertilisation increased SO04-S runoff losses. An appreciable
fraction (8%) of the S applied in autumn 1976 was lost frem apo
undrained plot in six weeks., . Mole and tile drainage reduced the
fertiliser S runofi loss to a minimal fraction (1.7%) of the S applied.
Undrained pastures, fertilised and grazed in 1977 (oue 24 hour cattle
grazing event) lost considerably more S04-S in surface runoff (i.e. on
average, an additional 7.2 kg S04-S ha” ! ) than unfertilised plots.

Regression analyses indicated that dissolved SO4-—S concentrations
in tile drainage waters, but not S04,-S loadings, were significantly
related to water scluble soil S04-S8 levels., It was concluded that
losses may be predicted within a reasonable degree of accuracy from
soll SO04~S levels, determined at frequent intervals during the drainage
season, 1f the quantity of water percolating through the soil is
measured.

A total of 3.1 kg € ha"! was received in the rain over a 22 week
interval in 1977. The results indicate that S received in the rain
throughout 1977 was likely largely to offset drainage water losses from
the unfertilised, non-irrigated pastures. A net loss of § from the
unfertilised, irrigated pastures and fertilised pasture was likely to

have occurred. Surface runoff losses from undrained, fertilised
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pastures in 1977 were likely to be largely offset by S received in the
rain.

From these results it was concluded that SO4-S leaching is an
important S depleting process in the Tokomaru silt loam. Surface
runoff is not an important preocess unless undrained pastures are
fertilised in autumn or wirter, when an appreciable fraction of the
applied S may be lost.

Dissolved K tile drainage water losses from unfertilised and
fertilized grazed pastures in 1977 averaged 4.66 and 4.05 kg ha !
respectively. Irrigation did not enhance K leaching. Potassium
fertiliser (55 kg ha_l) did not influence measured water soluble and
ammonium acetate extractable scil K levels and hence fertiliser K
leaching within the upper 60 cm could not be monitcred.

Digsclved K surface runoff lossee from unfertilised, undrained
pastures on the Tokomaru silt loam in a six week winter interval in
1976, and throughout winter in 1977, were low, averaging 1.1 kg ha™?
and 1.35 kg haéi respectively, Unfertilised, mole and tile drained
runof f plots lost only 0.3 kg ha~! in 1976.

The addition of potash fertiliser increased K runoff loss from
both drained (1976) and undrained (1976, 1977) plots. Fextiliser K
losses varied. A minimal fraction (3.1%) of the K appliied (50 kg K
ha™!) to an undrained plot in 1976 was discharged in the surface
runoff. Only 1.7% of the K applied was discharged frem a drained
plot. 1In 1977, grazing {(one 24 hour cattle grazing event) and X
fertilisation (55 kg K hahl) enhanced runoff loecses from undrained
plots by, on average, 4.20 kg ha™!, Most of the fertiliser and
excretal K lost was transported downslope in the first few runoff
events following treatment.,

Only 1.06 kg K ha™! was received in the rainfall over a 22 week
interval in 1977,

The results, therefore, indicate that K received in the rain in
1977 was unlikely to balance K drainage water losses from drained
pastures, The small net loss resulting would deplete the soil K to a
negligible extent. Surface runoff losses from the undrained,
unfertilised pastures would be offset by rainfall K additions. Runoff
losses from the undrained, fertilised pastures would not bz balanced
by K received in the rain.

From these findings it was concluded that the occurrence of K



deficiencies in high producing pastures on K retentive yellow-grey
earth soil is not attributable tc extensive K movement in surface and
subsurface drainage waters.

No relationship was found between neasured water soluble or
ammonium acetate extractable soil K levels and leachate K concentra-

tions or loadings.
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APPENDIX TABLE 1 Grazing dates and stocking rates

Intervals when y
- & Stocking rates

Mt B, stere b

1 3/5 - 4/5 e
1/6 - 3/6 1

11/7 - 15/7 280

10/8 - 12/8 112

7/9 - 12/9 160

30/9 - 4/10 LiE

2 2/5 - 3/5 592
25/5 - 27/5 G

27/6 - 29/6 592

8/8 - 10/8 hek

12/9 - 14/9 - 336

3 11/5 - 13/5 592
22/6 - 24/6 592

3/8 - 8/8 88

4/9 - 7/9 192

11/10 - 14/10 688

4 23/5 ~ 25/5 592
29/6 = 1/7 592

3/8 - 8/¢ i

419 - 7/9 144

8/10 - 14/10 208

5 4/5 - 515 ik
7l6 - ¢/6 592

18/7 - 19/7 400

21T - 2547 96

18/8 - 24/8 72

20/9 - 27/9 144

6 5/5 - 6/5 592
13/6 - 16/6 592

15/7 - 18/7 _ 280

28/8 - 29/8 192

28/9 - 30/9 264

7 16/5 - 18/5 592
417 = 817 392

2778 - 1/9 72

1/9 - 2/9 208

27/9 - 30/9 304

8 18/5 - 20/5 592
417 - 8/7 240

27/8 - 2/9 80

27/9 - 30/9 304
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intervals in each of the eight plots, at each
sampling (pg/cm’® soil).

97

Plot
Soil depth
Date sampled 1 2 3 4 5 6 7 8
(cm)
May 0-10 8.72 1196 14.01 8.59 15.55 8.90 10,57 8.90
18th 10-20 5.86 12.61 7.67 10.60 10.90 13.20 13.60 9.05
20-40 7.98 13.66 13.04 9.54 10.86 13,97 12.60 10.03
40-60 14.50 16,04 8.60 15.02 19.:85_ 10,04 13,77 18.63
May 0-10 5.78 6.26 6.16 381 5.38 4,74 6.94 10.29
31st 10-290 6.55 6.30 5.88 A 556 5405 731 4,66
20-40 14,58 4,82 4,90 15 8.36 8:76 1103 5425
40-€0 14.58 9.33 10.58 7 1531 10:.11 15.58 1I3;8R
June 0-10 6.39 4.28 6.10 5. 15 4.89 6.30 6.03 5.29
24th 10--20 6.34 6.55 6:97 6515 8.13 9.20 7.81 G445
20-40 5.86 8.82 14.70 7:656 12,82 10,61 11.39 8.06
40~-60 14 21 B.20 12.15 15.71 16,82 16.04 116.80 11&.47
July 0-10 1850 ©1.40 23,37 G.34 564 33.43 21.00 B2y
12th 10--20G 315 768 6.63 3.34 4,07 9.01 11.63 6.77
20--410) 5:81 18.43 16T 3 &5 6.39 B4 10,91 9.56
4060 8.76 16.69 11,91 6.69 16.88 16.33 .21 LE.28
Aug. G-10 3.46 16,63 19,63 b, 21 3.54 18,28 20.44 335
3rd 10-20 2.65 15:35 1%2.83 Z.31 3.69 14.82 10,02 4,03
20-40 5.00 T.32 2.11 3.09 7.35 13,01 9.85 5.48
40-60 15.56 g.28 311.39 4,94 Jl.66 311,39 15.7 13 .25
Avg. 0-30 %430 8.37 14.42 G 37 181 13,80 10:3 2497
19th 10-20 2,58 11.40 22.59 1.6l 256 IX.50 g.14 4.10
20-40 6.84 9.53 16.88 4,48 5,39 7.94 8.28 5419
40-60 12,96 8.2 11.55 11.55 13:;12 11.39 S.44 10.94
Aug. 0-10 6.26 '12.88 16.07 3. 67 4,56 4.3 11.29 5.11
30th 10-20 2.33 12.81 21.99 F b7 2.52 15,18 9.42 1.62
20-40 3.45 5.88 12,94 3.90 6.76 11.03 8.33 4.38
40-60 10.66 8.42 9,64 S.72 18:92 10,98 10,82 8.99
Sept. 0-10 5.08 11.15 8.50 4,10 3.35 8.73 19.74 4,68
27th 10-20 3.94 8.13 9.42 1.99 2:56 11,66 14,09 2.90
20-40 8.13 13.16 13.82 4,85 5.51 13:60 12.20 6.95
L0-60 18.71 15,07 11.91 7.13 13,01 16.36 15.76 12.20
13th 1020 Fa8 11,30 7.94 3.09 5:48 10.42 12.07 5:23
20-40 6.84 15,19 14.88 522 8.20 Y1§.96 11.57 8.57
40-60 11.99 14.86 15.10 13.82 12.%56 36.69 14.58 Y7.42
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APPENDIX TABLE 3 Water soluble k levels at various depth intervals
in each of the eight plots, at each sampling
(ug/em® soil).
Plot
Secil depth

Date sumpled(cm) 1 2 3 4 5 6 7 8
May 18th 0~-10 39.4 70,0 °32.8 54.8 53,7 32.7 3.5 38.3
10~-20 13.8 42.3 6.1 13.9 15.3 10.0 6.1 8.l
20-40 6.4 35.0 14.4 8.7 9.6 7.1 Z2i5 TaZ
40-60 9.8 15.00 15,8 9.6 8.5 18.6 9.3 11.8
May 31st 0-10 69.5 32.5 18.5 21.9 &4.9 17.8 20.8 31.2
10-20 31.4 12.6 12,8 11.9 26,2 11.6 11:9 13.2
20-40 19.6 14.1 14:.2 9.0 22.2 14,9 20.3 20.4
40-60 13.8 20.9 13.7 11.6 25,4 14.5 5.1 16.5
June 24th 0-10 51.0 24.9 23.8. 17.6 42,9 15.2 7.1 15.5
10-20 185 11.0 15.0 11.9 23,1 10.3 5.4 10:1
20-40 40.3 15.2 28.4 13.5 22.2 9.9 10.6 20.5
4£0-60 22,60 19.6 17.2 13:8 13.9 16.0 4.8 21.4
July 12th 6—10 24,0 7.8 15.58 13.9 1l.58 234.0 i2.8 25.6
10-20 12,5 21.5 5.2 10,3 4.6 14,1 5.2 A3.0
20-40 9.5 13.8 7.2 12:5 10.9 10,6 6,0 8.2
40-60 6.3 12.8 30.2 9.4 15,9 11,6 6.1 10.C
Aug.3rd 0-10 14,2 60.2 28.2 12.8 156.2 16.8 18.6 12.4
10-20 10.1 18.6 15.0 9.C¢ 15.3 10.3 8.7 7.4
20-40 16.8 ~ 13.3 17.6 1Il.1 27.5 17.7 1314.0 13.7
40-60 249 35.3 274 196 1.3 619 28J0 21.6
Avug.19th 0--10 9.8 13.% 20,8 25,5 11,9 13.7 5.8 11.9
10-20 16,3 14,2 9.6 15.9 8.7 8.5 2.7 54
20-40 17.1 9.8 12.0 13.6 11:0.6 9.0 6.6 5.3
40-60 17.1 12,2 15,9 16.2 6.6 7.2 10.2 10.5
Aug.30th 0-10 21.% 15.7 13.5 12.0 10.4 15.4 6.0 6.1
10-20 14.3 10.0 9.3 5.6 6.1 11.4 3.5 5.0
20--40 14.1 8.2 10.7 10.6 12.3 11.8 6.7 9.1
40-60 12.0 14.9 14.0 6.8 8.9 6.6 7.6 5.9
Sept.27th 0-10 13.0 24:3 25.71 12.1 12.0 12:.4 6.1 73
10-20 75 18.7 12.8 10.2 7.7 9.4 3.7 5.1
20-40 8.5 13.0 1l1.1 10.5 16.4 10.2 6.1 8.0
40-60 9,1 11.9 12.7 10.8 4.8 16.8 13.7 4.0
Oct.13th 0--10 22,8 29.9 16.8 9.3 36,3 13:1 7.0 7.6
10-20 14,2 20.3 9.5 8.6 16,7 10.2 7.7 5.0
20-40 14.6 15.1 16.2 ‘15.5 19.7 I1.5 1l.4 114
40~-60 13.7 41.5 11.3 17.3 19.2 23.4 20.0 13.3




99

APPENDIX  TABLE 4 Ammonium acetate k levels at various depth intervals
in each of the eight plots at each sampling
(pg/em® soil).

Plot
pags odl depth o 2 3 4 5 6 7 8
sampled (cm)
May 18th 0-10 225 431 224 309 295 213 45 204
- 10-20 168 328 86 111 142 80 8 83
20-40 119 351 101 72 130 60 31 47
40-60 110 201 105 53 110 57 45 20
May 3lst 0-10 340 193 146 203 258 120 i47 197
10-20 180 171 100 76 169 60 82 89
20-40 116 164 111 69 127 77 54 6l
40-60 87 101 87 €0 69 52 31 24
Fone Shrh 0-10 387 244 241 207 307 140 63 218
10-20 207 136 157 113 214 70 33 76
20-40 178 125 121 85 175 69 32 59
40-60 66 70 74 52 70 49 33 36
July 12th 0-10 203 476 175 195 148 248 97 229
10-20 151 246 73 83 79 142 50 133
20-40 142 248 77 177 91 91 47 82
40-60 86 83 67 90 62 79 32 31
Aug. 3rd 0-10 174 420 279 161 151 143 177 164
10-20 127 198 163 86 97 67 161 91
20-40 129 157 127 64 89 60 107 68
40-60 95 102 134 43 79 59 52 40
Aug.19th 0-10 228 147 180 232 144 120 59 132
10-20 161 108 95 164 101 57 30 66
20-40 131 95 87 137 89 65 55 44
40-60 81 65 68 80 74 35 30 26
Aug.30th 0-10 234 198 113 153 118 159 80 64
10-20 191 118 69 79 95 118 67 50
20-40 204 138 71 5 90 83 78 37
40-60 117 111 9 53 76 97 38 32
Sept.27th  0-10 157 273 202 133 136 100 69 87
10-20 116 214 125 124 91 77 38 69
20-40 107 199 111 68 80 66 32 64
40-60 98 112 72 71 76 44 22 37
Oct.13th 0-10 231 270 149 14 271 121 71 59
10-20 170 193 68 96 172 91 57 52
20-40 126 126 8 85 114 71 55 38

40-60 61 154 119 69 106 33 33 30

MASSEY UMIYERSITY
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