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In order to understand,more fully, some of the factors affecting 

the S requirements of pastures, S35_labelled gypsum. fertilizer was 

applied to several field trials located on soils within the recent, yellow 

brown earth and high country yellow brown earth soil groups in Canter-

bury, New Zealand. 

Among the major processes studied were the incorporation of the 

S35-labelled 'gypsum fertilizer into the soil organic matter, its movement 

in the soil and its uptake by pasture plants. 

The results obtained showed that on the same soil type, plant 

uptake of fertilizer S and its incorporation into the organic matter 

were greater under improved pastures. However, the movement of fertilizer 

S was relatively unaffected by the pastoral improvement. 

Rainfall conditions affected all three processes studied, 

particularly the downward movement of' fertilizer S. Over the growing 



seasons of the first year almost all of the added fertilizer S 

remained within the upper 15 cm of the soil at a low rainfall trial. 

On a similar textured soil, receiving almost twice as much rainfall 

over a similar time period, fertilizer S was distributed evellly to a 

depth of 60 cm. 

Where the rainfall was similar, but soils differed in their 

water holding capacity, large differences in the downward movement of 

fertilizer S occurred. On a steepland yellow brown earth soi+ almost 

70% of the applied fertilizer S was lost from the 0-~5 cm soil depth 

two months after application. While on a recent soil,with a much 

higher water holding capacity, greater amounts of fertilizer S remained 

within the upper ~5 cm over the same period.. 

Large differences in the downwaro. movement of fertilizer S were 

shown by soils with contrasting retention capacities, but under similar 

rainfall conditions. On a yellow brown earth soil, with a medium S 

retention in the subsoil, fertilizer S was found not to have moved 

beyond 60 cm in the winter following the spring application. In contrast, 

fertilizer S penetrated beyond the 60 cm on a recent low S ret~ntive soil. 

Under improved pastoral conditions, applying fertilizer S in late 

spring rather than early spring, to two different soils gave larger 

(almost twofold) residual effects the following year. 

Total recovery of the added fertilizer S in the soil-plant 

systems studied were generally greater than 80%. 



The pattern and rate of the downward movement of fertilizer S 

was little affected by fertilizer rates. Pasture recove~ (~ o~ 

fertilizer S at the lower rate (22.5 kgS/ha) was slightly higher than 

that at the the higher rate (45 kgS/ha). Fertilizer rates did not 

produce a consistent effect on the extent of fertilizer S incorporation 

into soil organic matter. 

The magnitude of the sulphur cycling pool was determined at each 

trial location by using the equilibrium specific activity of pasture. This 

pool was found to va~ between trials and showed no relationship to 

their respective 8 response patterns. The rate of 8 cycling appeared 

to be more important. 

At some trials a strong correlation was found between the 

specific activity of the 8 in pasture and that for phosphate-extractable 

sulphate in particular soil depths. This relationship was used to asses~ 

indirectly} the likely soil zones from which plants extract 8 to meet their 

nutritional requirements. 

A new technique was developed to study, directly, the soil zone 

from which plants extract 8 to meet their-nutritional requirements. 

Carrier-free 835 , injected horizontally into various soil depths in a 

recent and a yellow brown earth soil, showed that both grasses and 

clovers recovered S35 to a depth of 52 cm, in the spring. However, 

most of the 832 uptake by plants was found to occur in the upper 30 cm 

(A horizon) in both soils. In the autumn, S35 uptake experiments on 

these soils showed uptake to occur at 100 cm on the recent soil, and 



cease at 52 em on the yellow brown earth soil. 

Growth cabinet experiments, using S35-1abelled pasture. residue, 

recovered from the field plots, and added to various soils, showed that 

~egrass recove~ of labelled fertilizer S ranged from 6-16% and it 

varied according to soil type, degree of p~storal development, type and 

form of plant residue added. This extent of recove~ represents only 

a small proportion (1%) of the fertilizer S recovered by pasture in 

the first year. 

The overall experimental results were considered in relation to 

both the S response patterns obtained from the present field trials and 

also those from other similar trials conducted in recent years in the 

Canterbu~ area. Some possible reasons for the variable S responses 

obtained were discussed and methods for improving the efficiency of 

fertilizer use, at farm level, were proposed. 
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CHAPTER I 

INTRODUCTION 

Several soil nutrient deficiencies must be rectified in order to 

maintain and increase the productivity of New Zealand pastures. , In New 

Zealan~phosphorus (p) deficiencies are oonsidered to be more widespread 

than sulphur (S) deficiencies. 

Accordingly, major research emphasis has been pl~ced on the P 

requirements of soil-plant-animal systems. This research has involved 

both soil test and field trial investigations into the amount and fre

quency of P fertilizer (normally superphosphate) applications. Addition

ally, research determining the fate of P added to New Zealand soils has 

been conducted. 

By comparison, research into the S requirements ~f grazed pasture

soil systems has been limited. A major contributing factor has been the 

universal use of superphosphate to correct P deficiencies in pastures. 

In doing s~the S requirements are generaily satisfied. 

In recent years, attention has been focussed on the efficient use 

of fertilizers used in New Zealand. In particular, superphosphate has 

been subjected to close scrutiny. Although large rock P reserves exist, 

the continuing demand and increasing production costs are escalating the 

price of superphosphate. Furthermore, there has been an increasing 

awareness that P fertilizers may be contributing to environmental pollution 

by providing the catalyst to the eutrophication of inland'waters. 



Reoent soil tests and results from fertilizer trials in New 

Zealand (During 1972) indicate that on many soils the use of super

phosphate is inefficient in terms of the correct supply of nutrients 

required by pasture species. Continual application of superphosphate 

to many soils has increased their level of plant available P to the 

extent that superphosphate could be withheld for several years, 

provided S requirements are met. Some soils have high inherent levels 

of available P and only require additions of S for satisfacto~ pasture 

production. On the other hand, some soils are only P deficient. The 

efficient use of fertilizers containing either S or P alone or in 

oombination thus demands a sound knowledge of pasture requirements for 

S in addition to P requirements. 

2 

New Zealand knowledge of S requirements for pastures arises 

principally from the results of field trials conducted in the South 

Island during the early 1950's. The majority of these trials were 

designed to determine the nutrient requirements for the satisfactory 

establishment· of clovers into tussock grassland swards. The results of 

more recent field trials, on both improved and unimproved pastures 

throughout New Zealand, have been considered by Walker and Gregg (1975) 

in relation to the original hypotheses (Walker 1957) formulated to 

explain the pattern of pasture S responses in New Zealruld. In some 

situations, trial results were at variance with the anticipated response 

pattern. 

It was therefore clear that only a limited knowledge of the S 

requirements of New Zealand pastures existed. A contributing factor 



appeared to be a lack of understanding of the fate of S applied as a 

fertilizer to various pastoral systems. The research reported in the 

present study was initiated to obtain information in this general area. 

Field experiments were conducted specifically ~o study the fate 

of fertilizer sulphur added to pastures in Canterbury in order to: 

( 1) Evaluate the significance of various factors affecting the fate of 

fertilizer S, within soil-pasture systems. 

(2) Provide information that would lead to an improved understanding 

of S response patterns in the field, and 

(3) Suggest possible manipulations which would allow for the more 

efficient use of S-containing fertilizers. 

3 

To assist in the interpretation of results from the above invest-

igation, two ancillary experiments were also conducted, namely, 

(1) A study of the relative plant uptake of S from various soil depths 

. under field conditions, and 

(2) A pot experiment investigating the recove~ of fertilizer S, by 

ryegrass (Lolium perenne), from plant roots and tops extracted from 

field plots and added to various soils. 

All experiments in the overall study involved the use of the radioactive 

835 isotope. 
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CHAPl'ER II 

REVIEW OF LITERATURE 

1. SOME ASPECTS OF SULPHUR IN PLANTS AND SOILS. 

( 1) ROLE OF SULPHUR IN PLANT NUTRITION. 

Al though a considerable number of sulphur compounds have been 

found in plants, only a few are required for normal cell function 

(Thompson et al., 1970). These include the sulphur containing protein 
0'-

amino acids (cysteine, cystine and methionine) glutathione, S-~denosyl-

methionine and. the cofactors, thiamine-pyrophosphate, biotin, lipoic 

acid and co-enzyme AoCysteine, cystine and methionine comprise 9Q% of 

total plant sulphur (Allaway and Thompson, 1966). They contain di

sulphide (S-S) bonds, sulphydryl (-1)-H) and thioether (-S-CH
3

) groups. 

The free sulphydryl groups found in glutathione and cysteine are involved 

in the maintenance of the oxidation-reduction potential of cells 

(Loughman, 196~). Glutathione is also an activator of the enzyme gly-

oxylase which converts methyl glyozal to lactic acid. 
,/ I 

Other sUlp~r compounds play crucial roles in certain tissues, for 

example, the SUl~lipidS of the chloroplasts. Many of the non-essential 
\., 

compounds (glycosides, penicillium, jercaptans) are important as flavour 

constituents, odoriferous compounds, transport forms of sulphur and 

antibiotics. These may represent up to 3% of the plant dry weight 

(Thompson et al., 1970). 

Although sulphur in plants is mainly in organic combination, 
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inorganic sulphur as sulphate also exists when sulphur is present in 

excess of the requirement for protein synthesis (Metson 1973). 

Dijkshoorn et ale (1960), considered that this sulphate has no apparent 

physiological function except as a reserve of available inorganic 

sulphur. 

Ruminant animals are able to utilize both reduced (chiefly protein) 

and oxidized (sulphate) forms of sulphur to meet their requirements for 

the essential sulphur~containing amino-acid)methionine and for sulphur_ 

bearing vitamins (Allaway and Thompson, 1966). Thus the entire S content 

of forages may be considered potentially available for ruminant nutrition. 

Hume and Bird (1970) confirmed this by observing no difference between 

cysteine and inorganic sulphate as sources of sulphur in the formation 

of protein in sheep rumen. 

On the other hand, non-ruminant animals must acquire certain 

reduced sulphur compounds (or their precursors) from plants. They are 

unable to utilize inorganic sUlphate (Allaway and Thompson, 1966). 

(2) UPl'AKE AND TRANSLOCATION OF SULPHUR BY PLAN'TS. 

In an excellent review, Bouma (1975.) traced in detail the movement 

of sulphate ions into the root system, translocation from root to shoot 

uptake of S by whole pl~~ts and the distribution and redistribution of 

sulphur in plants. Pertinent aspects are presented. 

(a) Movement of Sulphur into the Root. It has been established that 

sulphur is taken up as the sulphate (SO~) ion from the solution bathing the 

root. Ions reach the "apparent free space" (A.F.S.) in the roots by diff-

usion and mass flow. Most of this space is a continuation of the outer 
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solution and is referred to as "water free space" (W.F. S.). Ions in the 

W.F.S. can be removed by washing with distilled water. Estimates of the 

size of A.F.S. va~ between 8-15% of the root volume. Rajan (1966) found 

that uptake of sulphate into A.F.S. was independent of temperature 

(15-350C), sulphate concentration (O.5-5.0rDM)and transpiration rate. 

Reports on exchange-adsorption for anions are less numerous than 

for cations which are known to exchange for other cations in the Donnan 

free space (other component of A.F. S.). Pettersson (1966) found consider-

able exchange-adsorption for sulphate in the A.F.S. of sunflower roots. 

The transport of ions from the free space acrDSS barriers, requires the 

expenditure of metabolic energy and Leggett and Epstein (1956) have 

established that sulphate uptake by excised barley roots involves the 

• attachment of sulphate to specific sites of carriers. 

Most of the lateral transport across the cortex of the plant root 

into the xylem of the stele occurs approximately within the terminal 10cm 

of the root Using the S35 radioisotope)it has been shown (Lauchli, 1972) 
(,l 

that the movement of ions from cortex to stele occurs via the plasID?demata 

of the endodermis, which by virtue of its Casparian strip provides a 

barrier to free diffusion of ions. This movement is rapid, with passage 

across the endodermis under metabolic control. 

Although organic sulphur compounds' can be synthesized in the 

roots, most of the sulphur is translocated to the shoots as inorganic 

sulphate via the xylem. 
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(b) Sulphur Uptake by Vfuole Plants. Under conditions of 

varying supply of sulphate~ uptake depended, among other factors, on 

the sulphur status of the plant and on the sulphate supply in the root 

medium. Using the results from his own glasshouse experimen~Bouma 

(1967') showed that subterranean clover plants at suboptimum S status 

had a high internaJ~.demand for sulphur and showed a greater uptake of 

sulphur when the sulphate supply is restored than plants that have not 

been under stress. This effect was to a large extent independent of plant 

size. 

There is considerable disagreement among workers in interpreting 

the relationship between the uptake and supply of sulphate when present 

at levels higher than necessary for plant growth. For exampl~Biddulph 

et a1. (1956) andPette~sson(1966) showed that sulphate uptake was pro-

portional to its supply until maximum plant growth was reached with little 

or no further uptake at higher levels. On the other hand, Ergle and 

Eaton (1951) and Jones (1962) showed continual uptake under the above 

conditions. Bouma (1975) conside~ed that there wa.s some evidence to 

suggest that this relationship varies between species and may depend on 

ontogenetic changes. 

Although "luxury uptake" of sulphate, in the sense of uptake in· 

excess of plant requirements, does occur·most of the evidence indicated 
J 

that this is not as pronounced as for other nutrient elerr;,ents. Bouma 

(1975) stated that suboptimal growing conditions (light, temperature, 

other nutrients, etc.,) may have resulted in "luxury uptake" character-
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ized by an 1ncreased S content of the dry matter due to a decline in 

plant demand. Most of this excess sulphur taken up remains as sUlphate. 

(c) The Distribution and Redistribution of Sulphur in Plants. The 

distribution of absorbed sulphur, as well as any.redistribution during 

growth seems to depend on the sulphur status of the plant. Bouma et ale 

(1972) found that in subterranean clover plants, grown with an adequate 

sulphur supply, sulphate is distributed to the young leaves. Under. 

deficient conditions most of the sulphur goes to old leaves when trans

ferred to adequate sulphur status. In both the above cases, roots 

exercised a powerful demand (4~ of the i~crease in'total sulphur was in 

the roots). However, there are conflicting views of the mobility of' 

sulphur in the plant. Bouma (1975) pointed out that the weight of 

published evidence showed restricted. mobility of sulphur within the 

plant, particularly when compared with N and P. He considered that sulphate 

taken up in excess of the plant requirements often remained present as 

such} and some of this may be available for subsequent redistribution 

under stress conditions, particularly from the roots. He pointed out 

the rather interesting trial results of Kylin (1953) and Ergle (1954)1 

who found that even under advanced sulphur stress condition/significant 

quantities of sulphate remained present in the leaves of wheat and cotton. 

There is no obvious physiological explanat'ion for these or similar 

results. 

It is not clear to what extent the breakdown of organic compounds 

within old plant tissue can provide sulphur for re-utilization by younger 

plant parts. Much of the work has centred on the S-rich chloroplast 

protein. Results from cotton, wheat and sudan grass showed conflicting 



trends in protein breakdown. Bouma (1975) suggested these di££erences 

may be due to the balance o£ young and old leaves. He suggested that 
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in young leaves, where S de£iciency becomes £irst apparent, breakdown 

o£ chloroplast protein occurs whilst in older, as yet una££ected leaves, 

some synthesis o£ chloroplast protein continues. 

Most studies reported by Bouma (1975) in his review have been 

conducted under arti£icial conditions. Supporting evidence, £rom 

£ield investigations, is lacking • 

. , . (3) COMPETITION· FOR SULPHUR IN GRASS-CLOVER SWARDS. 

Evidence that grasses outcompete clovers £or limited soil sulphur 

supplies w~s provided in a £ield investigation by Walker and Adams (1958a). 

This competitive advantage o£ grasses has also been shown £or other 

nutrients, viz., potassium (Brown and Rouse 1953), phosphorus 

(Jackman and Mouat, .1972) and nitrogen (Walker et" al., 1956b). 

The general £eatures associated with competition £or sulphur in 

the graSS-Clover sward are described £ully in Metson's (1973) review. 

Signi£icant points were: 

(1) As a result o£ competition £rom resident grasses in "hill country" 

or 'rangeland grazing areas", the introduction o£ clovers must be 

accompanied,in most cases,by £ertilizer applications o£ S to permit 

clover growth. 

(2) In situations where the nutrient supply is inadequate £or optimum 

growth of both grasses and clovers but not so deficient that clover 
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growth is entirely suppressed, it is probable that both components o~ 

the sward will be a~~ected. In ~act, New Zealand workers, McNaught and 

Chrissoto~fels (1961) and Metson (1972) have shown that S concentrations 

in clovers tended to exceed that in associated gr_asses in severely S 

de~icient pastures. They considered this a reversal of the normal 

situation when S is ' adequate or in marginally deficient supply. 

(3) With continued acute de~iciency o~ S in a mixed sward, clovers 

eventually die out and the sward reverts to one o~ low ~ertili~y 

demanding and low producing grasses and weeds. 

The reason ~or the competitive advantage o~ grasses ~or limited 

supplies of N P K and S is not clear. Donald (1963) described two plant 

~eatures that are likely to be o~ signi~icance. Firstly, the di~~erent 

aoilities o~ plant roots to extract suboptimal levels of a particular 

nutrient. Secondly, the differences in soil utilization and in ~oraging 

abil:j.. ty o~ root-" systems (i. e. the extent of the root system and the 

density o~ ~ami~ication within this volume). 

Support ~or the ~ormer mechanism of competition was provided by 

Drake et al. 051 ;,:";'0 ;ound th~ cation ~XChange capaci~i\of diCO"fot1=j 
edonous roots (i.e. adsorption capacity of ions by dead or damaged roots) 

was double that o~ monocotyledonous roots. They considered that this 

Donnan distribution effect might explain why legumes are poor competitors 

~or K when grown in association with grasses. Later, Mouat and Walker 

(1959 ), showed that the greater uptake of grasses for both K and P was 

related to differences in cation exchange capacity (C.E.C.) of grass 
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and clover roots and the rate of emergence of their seeds. 

Fried and Broeshart (1967) discounted the root C.E.C. theory for 

preferential ahsorption of some nutrients by grasses, as anion absorption 

by living roots has not been demonstrated. Moreover, they considered 

that ion uptake by plant roots involved an active metabolic process that 

is specific for the ions concerned. Non-specific ion adsorption is 

neither the first step in the ion uptake process, nor the control 

mechanism for the ratio of the ion absorbed by the plant. 

Root diameter is unlikely to be of importance in mobile ion 

uptake, as Weirsum (1962) has shown that nitrate is taken up as rapidly 

by a plant-with a coarse root system as one with a fine root system. 

A competitive advantage by grasses, with respect to clovers, . 

may be gained through differences in soil utilization and foraging ability 

of their respective root systems. These differences would appear more 

important for' immobile ions. Nye {1969) contended that the outcome. of 

competition for immobile nutrients depended more on the" effective soil 

volume" of the plant root system, as each root can only exploit a 

narrow zone round it. Field evidence in support of this hypothesis was 

provided by Jackman and Mo'uat (1972) who found preferential uptake of 

phosphorous by grasses in a mixed sward. In a supplementary glasshouse 

experiment they showed that ryegrass roots had a greater soii exploitive 

ability than clover roots. For more mobile ions such as nitrate and 

sulphate, "effective soil volume" is probably less important as both 

these ions can move in the soil by mass flow and diffusion (Fried and 

Broeshart, 1967). 
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- Where nutrients are in limited supply in the topsoil but plenti-

ful in the subsoil, it might Qe expected that a competitive advantage 

would exist where one plant species penetrated more deeply into the 

subsoil. Grasses have been shown to be more deep rooting than clovers 

in New Zealand studies (Jacques 1941, 1943) but no experimental evidence 

is available to show whether a competitive advantage for nutrient uptake 

exists. 

Part of the difficulty in defining the reasons for the greater 

competitive ability of grasses may be due to the fact that greenhouse' 

competition studies neglect the extent and density of root ramification. 

This aspect is likely to be of great importance under field conditions. 

" 
,(4) -CHEMICAL NATURE,D-ISTRIBUTION AND TRANSFORMATIONS OF SOIL 

__ : ORGANIC SULPffiJR. 

Although attempts have been made to measure soil organic sulphur 

directly, it is more commonly determined as the difference between total 

soil sulphur and inorganic soil sulphur (Freney and Stevenson, 1966). 

In humid and semiarid regions, the major proportion of the total 

sulphur in surface soils under pasture is in organic combination 

(Williams and Donald, 1957; Walker and Adams, 1958o;Aidinyan, 1964). 

There are exceptions. For instance, Evans and Rost (1945) found organic 

sulphur to comprise 75% of total soil sulphur. This effect was later 

attributed to faulty technique, underestimating the amount of soil organic 
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sulphur (Bardsley and Lancaster, 1960). In lower soil horizons, a much 

smaller proportion of total sulphur is present in organic combination 

(Whitehead, 1964). 

Little is Known of the nature of organic sulphur in soils (Freney 

and Stevenson, 1966). Freney (1967) listed a wide variety of sulphur 

containing compounds known to be produced by organisms either in or on 

the soil. Most of these were susceptible to decomposition, did not 

accumulate in uncombined form, and are not readily detectable in the soil. 

Organic sulphur has been separated by soil chemists into two 

fractions carbon bonded sulphur and non-carbon bonded sulphur. In 

early studies carbon (C) bonded sulphur was determined by the reduction 

or organic S to H2S with Raney nickel (as used by Lowe and Delong, 1963). 

Freney (1967) considered this method to be of doubtful validity. He 

stated that the difference between total organic sulphur and non-C 

bonded sulphur more accurately determines C bonded S. Freney (1967) also 

considered that the C bonded fraction contains cysteine and methionine. 

Non-C bonded sulphur appeared to be present as SUlphate esters, 

which can be reduced to hydrogen sulphide with hydrodic acid and is 

readily hydrolysed to inorganic sulphate by acid or alkaline (Freney, 1967). 

J ~his sulphur fraction may exist as sulphated polysaccharides, phenolic 

sulphates )chOline sulphate or SUlphated lipids. 

In various studies (Freney, 1961; Lowe, 1964; Widdowson, 1970) 

non-C bonded sulphur was commonly fo~nd to comprise about half of the 



total S. The proportion of C bonded S was found to be more variable. 

No doubt the early use of Raney nickel was a contributing factor. For 

instance, in Canadian mineral soils, Lowe and Delong (1963) found that 

C bonded 8 amounted to 12-35% of total 8 compared with 47-5Q% for 
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organic soils. Widdowson (1970) reported 8% for C-bonded 8 on Iowa soils 

and Freney (1967) reported 42% in Australian soils. No published values 

for Cbonded 8 in New Zealand soils exists. 

There is conflicting evidence with regard to the agronomic 

significance of differentiating C -bonded S from non-C bonded 8. Widdowson 

(1970) found that neither fraction was related to plant 8 uptake on a 

range of Iowa soils. Freney et ale (1971) found that when labelled S35 

sulphate (10 )lgS/ g) was added to incubated soils )both fractions contained 

labelled S35, with the non-carbon bonded fraction more highly labelled. 

More recently, Freney et ale (1975) showed that over nine months most of 

the available 8 removed by plants in a pot experiment came from the ester 

sulphate fraction although there were changes in all organic sulphur 

fractions. Changes in the C-bonded 8 fraction was due to decomposition 

of the S containing amino acids. 

80il micro-organisms are considered to be involved in the trans-

formation of organic sulphur to inorganic ~ulphur (Alexander 1961). 

Numerous soil incubation studies have shown that many factors influence 

both the rate and magnitude of 8 mineralized from soil organic matter. 

In a ve~ comprehensive series of experiments, Williams (1967) 
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found that no mineralization of sulphur occurred at soil temperatures 

o 0 
less than 10 C but up to 40 C a linear rate of increase resulted. He 

also showed that at values of soil moisture appreciably above or below 

field capacity, mineralization was reduced. Optimal moisture content 

for mineralization was 6q% of water holding capacity. Both the addition 

of lime (White, 1959; Nelson, 1964; Williams 1967) and the d~ing of 

soils (Williams, 1967) increased the rate of sulphur mineralization. 

All the above studies were conducted in the absence of growing 

plants. The evidence suggests that in the presence of plants more 

sulphur is mineralized (Freney and Spencer, 1960; Cowling and Jones, 1970; 

Nicolson, 1970). There are exceptions. For instance, Barrow (1967a) 

found greater mineralization in some soils where no plant growth occurred. 

Whilst these incubation and greenhouse studies are of value, their 

extrapolation to field conditions is difficult. In fact) relatively few 

field studies have been conducted to subst&~tiate or refute factors 

considered to .affect sulphur mineralization under laboratory conditions. 

Williams (1968) has studied variations in plant available sulphate in 

Australian subterranean clover pasture. Fluctuations ranged from 3 to 

12 pg/g in the summer. However plant uptake and atmospheric accessions 

were not assessed and thus the maximum amount of mineralization could not 

be calculated. He also suggested that variations shown in soil levels 

may be the result of the pattern of plant growth, with the accumulation 

of high SUlphate levels in the s~~er due to plant senescence or lack of 

plant uptake. 
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The actual total amounts of sulphur released by mineralization 

o:r organic sulphur in soils under field conditions appears unlmown. 

Walker (1957) estimated that about 1.25% of the total sulphur in the A 

horizon of grassland soils would be mineralized within a year. He based 

this calculation upon an assessment of mineral nitrogen production 

(Walker et al., 1954) in normal soils of humid temperature climates and 

their relatively constant N:S. (10:1) relationship. Thus in a soil with 

a 15 cm A horizon containing 0.03% sulphur and a bulk density of 19/cc, 

4.5 kg S04-S/ha/annum would be produced. This amount would be inadequate 

to sustain high levels of pasture production without fertilizer inputs. 

However, Freney and Swaby (1975) in a very recent review of 

sulphur transformations in soils, considered that the amount of sulphur 

mineralized from unamended soils does not appear to be related directly 

to soil type, total amounts of carbon, nitrogen or sulphur, C:S N:S or 

C:N ratios, pH or mineralizable N. 

It wou~d be expected then th~t considerable variation in the 

amounts of mineralizable sulp~ur between soils may arise through 

differences in minerWization rates. 

·(5) CHEMICA,!. NATURE,. ·DISTRIBUTION AND TRANSFOP.MATIONS: OF SOIL 
. INORGANIC 'SULPHUR. 

In well drained soils, almost all the inorganic sulphur is present 

ion in combination with cations such as calcium, 

magnesium, potassium or ammonium ( Starkey, 1966). 
1\ I) I' (' (. , I (' .. - \ ~t, ' ~ 



In poorly drained or submerged soils, reduced forms (sulphides 

and polysulphides) of inorganic sulphur occur (Starkey, 1966). These 

forms are not considered relevant to this review. 

Estimates as to the amounts of inorganic sulphur in soils vary. 
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There seems to be general agreement that it comprises only a small 

proportion of total sulphur. Beatson et ale (1968) considered that most 

soils (topsoil and subsoil) contained less than 25% of total S as inorganic 

S. Reisenaur (1967) suggested that the amount was 10% for surface soils 

and a greater proportion for subsoils. New Zealand work by Metson (1969) 

agrees with the above conclusion. 

Inorganic sUlphate in soils is found as soluble sUlphate in soil 

solution, which in turn is in kinetic equilibrium with sulphate ions 

adsorbed on the solid phase of soil components (Reisenaur, 1967). 

Ensminger (1954-) was the first to show that soils had the ability 

to adsorb sulphate ions. Since that time several studies have investi

gated the nature, factors influencing and meafurement of sulphate adsorp

tion in soils. 

The nature of sulphate adsorption sites in soils is not well 

understood.. Chao et ale (1965) listed the following mechanisms which 

might contribute to sulphate sorption in soils: 

(1) Anion exchange due to positive charges on hydrous iron and 

aluminium oxides or on crystal edges of 1:1 clays at low pH values. 
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(2) Retention of sulphate ions by hydroxy-alumina complexes by co-

ordination. 

(3) Salt adsorption, whereby both cation and anion of the salt are 

attracted to the surface of the soil colloid. 

(4) Amphoteric properties of soil organic matter resulting in positive 

charges under certain conditions. 

However, the relative importance of all these mechanisms is 

unknown. It is quite clear that soils vary in the degree to which they 

adsorb sulphate ions. This is not unexpected when the conditions 

favouring adsorption are considered. Such features as low pH, low percent 

base saturation and the presence of certain kinds of colloid with anion 

adsorptive properties such as 1:1 type clay minerals (kaolin and halloysite), 

the amorphous silica-alumina (allophane), and hydrous oxides of Fe and M ,( 
/ 

will all predispose toward SUlphate sorption (Metson, 1969). By contrast 

soils with high pH, high base saturation and predominance of 2:1 micaeous 

clay minerals contain negligible amounts of adsorbed sulphate (Metson, 

1969). 

All the above factors contribute to the observations that sulphate 

sorption generally increases down the soil profile. 

As with phosphate sorption investigations, a variety of techniques 

have been used to assess the extent of sulphate sorption in soils. Major 

variants appear to be the time of shaking, soil: solution ratio and 

" solution ,!\( S concentration. 



19 

To determine S adsorption most workers have used a predetermined 

concentration of sulphur in the added solution. Taking soil weight and 

added solution volume into consideration, values range from ~pgS/g soil 

(Ensminger, 195~) to 2.5 pgS/g soil (Chao et al., 1962a; Williams and 

Steinbergs, 1962; During and Martin, 1968). 

Barrow (1967b) considered that adding solutions of S at a particular 

concentration does not assess sulphate sorption adequately. Consequently, 

he determined S isotherms for a range of soils, adding S to give equilib-

rium concentrations ranging from 6-32 pg/g. An adsorption maximum was not 

achieved, confirming the results of Chao et ale (1962a). In view of this 

difficulty, Barrow (1967b) suggested that where soils are compared for S 

sorption ability the total amount of adsorbed S (initial adsorbed plus 

change in the solution concentration) at some arbita~, but realistic 

concentration, is required. He suggested an equilibrium solution concen-

tration of 20 pgS/g as a suitable level. 

On the other hand, New Zealand workers (During and Martin, 1968) 

considered that a sorption test would be usefUl only if it could ,charact-

erize the sorption properties of a soil without being influenced greatly 

by variations in the quantity of adsorbed sUlphate likely to be found 

under field conditions. By determining sUlphate sorption isotherms on 

soils from field trials, they found that past topdressing with sulphate 

tended to have a large effect on apparent sorption if the initial added 

concentration of SO~-S was 20 pg/ g. Past topdressing had a relatively 

small influence on apparent sorption at initial concentrations of 50 pg/g. 
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At concentrations > 50 pgJ g, some soils, showing nil adsorption at 50 

pgJ g,sorbed sulphate. During and Martin (1968) considered that this 

effect may be due to molecular adsorption and not likely to be of 

importance in the field where the potential for leaching is considerable 

over a large part of the year. Thus 50 pgJ g was 'chosen as the S 

concentration for sorption tests. 

Further evidence to support the selecti~n of 50pgS/g was prov

ided by Sa.unders et a1.(1969) who found that a good correlation (r=0.87) 

existed between a more labori~us leaching method used to determine S 

sorption and the shaking technique. 

Part of the reason for the differences between Australian and 

New Zealand workers in the choice of a suitable S concentration to 

determine S adsorption, may lie in the respective use each worker is 

ma1dng of S adsorption. New Zealand workers are using it as an index 

of leaching potential, whilst Australian workers appear to be using S 

retention as an index of the ability of soils to adsorb S after the 

application of fertilizer. 

Because adsorbed sulphate is in kinetic equilibrium with soluble. 

sulphate, it is considered available to plants (Reisenaur, 1967). There 

is much evidence (Fox et al., 1964; Barrow, 1967a,1969) to support this 

contention. 

There appears to be some conflict as to the rate of availability 



of adsorbed sulphate to plants. Freney and Spencer (1960), and Fox 

et ale (1964) consider it readily available. In contrast, Barrow 

(1969) considered that adsorbed sulphate was not equally available on 

the soils he studied. He found on soils, which could initially adsorb 

large quantities of sulphate, the sulphate preserit is takEm up by 
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plants more slowly than on non-adsorbing soils. However, with time all 

adsorbed sulphate became available to plants. 

(6) DETER.t\fINATION OF PLANT AI[ AILABLE SULPHUR IN SOILS. 

Both chemical and biological methods are used to determine the 

levels of plant available S in soils. 

From the chemical point or view it seems logical that, since 

Ensminger's (1954) pioneering work on S adsorption, chemical means of 

determining the available supply of sulphur in soils should concentrate 

on extracts which should remove some or all of sulphur in soil solution, 

adsorbed sulphur and a fraction of the organic matter that will be miner-

alized in the presence of plants. 

<;' 

A large variety of extractants have been used (Beatson et ale 1968). 

Several investigators (e.g. Ensminger and Freney, 1966; Reisenaur, 1967) 

have also attempted to categorize the fractions of soil sulphur extracted 

by various solutions. 

Readily solu.ble· sulphate and variable amounts of organic matter are 

extracted with water, lithium chloride, dilute calcium chloride and sodium 

chloride. Soluble sulphate plus a fraction of the adsorbed sulphate, was 
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extracted by phosphate solutions, calcium carbonate suspensions, neutral 

N ammonium acetate and sodium acetate and acetic acid. -- In most soils, all 

adsorbed sulphate and soluble sulphate will be extracted by solutions 

containing 500 pgP/ g. (Barrow, 1967b). 

In addition to soluble sulphate, fractions of both adsorbed and 

organic forms of S were extracted by 0.5M sodium bicarbonate solution 

at pH 8.5, neutral ammonium acetate solution and heat treatment followed 

by extraction with sodium chloride solution. 

The main aim of assessing plant available soil S status is 

normally to both assess S status at the time of sampling and predict 

likely status in the near future (Reisenaur, 1967). The majority of 

work investigating various extractants for determining plant available 

S levels is related to response from, and uptake of, S added to plants 

in greenhouse studies. For example, Fox et ale (1964) on Nebraskan 

soils obtained high correlation coefficients by relating lucerne S . 

uptake over ,f~ur harvests to the S extracted by both calcium phosphate 

and water. Heat soluble and autoclave soluble sulphate gave lower 

correlations. Barrow (1967a) showed that sulphate extracted by calcium 

, dihydrogen phosphate related closely to ~egrass S uptake on S deficient 

sites, where both uptake and extracted S are measured in the same units. 

In one of very few field studies, Bardsley and Kilmer (1963) 

related the amount of chemically extractable S in soils of Southeastern 

America to the % yield of field grown crops (grass-clover and cotton). 
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Percentage yield is defined as the yield of no S plots as a percentage 

of the yield of S treated plots. Of' the soil tests used (acetate soluble 

and bicarbonate soluble sulphate and reserve sulphur) the best correlations 

(r = 0.55 and 0.59) were obtained, for the former two, in the surface 30 cm 

of soil. Critical levels in pastures for these extractants appeared to 

be 14 pgS/ g for acetate soluble sulphate and 33 pg/ g for the bicarbonate 

extract. 

Field studies in New Zealand with various soil S extractants are 

reviewed in section 2. (2) (a) of this CHAPTER. 

Relationships between laborato~ determinations of plant available 

sulphate and S responses or uptake of S in the field cannot be expected 

to be as good as those obtained in greenhouse studies. Greenhouse studies 

are conducted in uniform environmental conditions. Yields in the field 

are influenced by many factors other than the nutrient being studied. 

In view of the good relationship between calcium phosphate extract

ions and S uptake under glasshouse conditions, it seems surprising that 

so little use has been made of this extractant in field studies. As 

Barrow (1967a) has pointed out the use of calcium phosphate as an extract 

is convenient becau~e the extractant is easy to prepare and extracts easy 

tofflilter. It is effective1since it removed all the sulphur whi.ch was 

available to plants on a wide range of soils, without removing that which 

was not available. Field evidence of its potential for assessing S status 

has been provided recently by Till and May (1971) who observed a close 

visual relationship between the specific activity of soil sulphate 
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extracted by calcium phosphate and the specific activity of plant 

sulphur in pastures. 

Beatson et ale (1968) listed a wide range of biological methods 

for determining available S in soils. Included in their list were "A" 

and "a" values, bioassay with algae and Aspergillus, incubation, 

Neubauer, respirometer and short term plant uptake. 

The "A" and "a" value concept, introduced by Fried and Dean 

(1952), is a measure of the availability of a soil nutrient in terms of 

a sta~dard source of the same nutrient (usually a fertilizer). It is 

assumed that when a fertilizer is added to the soil, a plant will take 

up the nutrient from both sources in amounts proportional to the quant-

ities available from each. Either tagged or non-tagged fertilizer can 

be used (Fried and Broeshart, 1967). 

Wi th non-tagged fertilizer the "a1~ value is obtained by extra-

polation of either yield of nutrient curves or growth curves from various 

fertilizer rates, to the X axis. Inherent in this approach is the 

assumption that fertilizer efficiency and soil nutrient uptake are 

constant for aiiven soil. 

With tagged fertilizer these assumptions are not necessa~ since 

only one rate of fertilizer is required.- The "A" value is then obtained 

by isotopic dilution 

"A" = B (1 - y) 
y 

"A" is the available soil nutrient in terms of fertilizer applied, B is 



fertilizer rate and y is the proportion of nutrient in the plant 

derived from the fertilizer. 
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Fertilizer efficiency and soil nutrient uptake often change over 

varying fertilizer rates without altering "A" values (Smith and Legg 

1971). Changes in "A" values do occur. Ren...'1ie (1970) found that for 

increasing rates of P, "A" value increased but with increasing N rates 

"A" value remained constant. 

In contrast to N and P, few S studies have determined "A" or "a" 

values (Fried and Broeshart, 1967). McGlurg et ale (1959) in a green

house inve stigation . of the S status of Brazilian soils used "a" values. 

These values were related to S responses. Nearpass et ale (1961) in a 

greenhouse study of 30 soils in Southeastern America, found growth 

responses in cotton were related to "A" values in the soil. A good 

correlation existed between % S in control :plots and "A" values. These 

results also showed a slight increase (2070 in "A" v8.1ues with inc~easing 

rate of S addition. In Oregon soils, Harward et ale (1962) found that 

"A" values were highly correlated with % S in alfalfa on control plots 

in a glasshouse experiment. Sulphur "A" values of about 29 kgS/ha and 

a plant content of 0.22% S represented leve'ls above which little response 

occurred. 

Field evaluation of S "A" or "a" values does not appear to have been 

attempted for pastures or crops.In field inve stigations, using soil analyses 



26 

to predict P yield responses in wheat, Rennie and Clayton (1966) showed 

that the "A" value determinations were superior to soil chemical analyses 

over two contrasting years of rainfall. However, the results from a 

greenhouse study using N15_ labelled fertilizer (Rennie and Rennie, 

1973), suggest that several difficulties are lik$ly to arise ,in the 

determination of S "A" values under."field conditions. Using N balance 

data these workers found that the "A" value could not be regarded as an 

index of available soil N where the fertilizer standard is subject to 

significant and different biological transformations between soils. 

Additionally, where fertilizer N is lost from the soil-plant system 

unrealistically high "A" values will result. Hence the "plant 'f',:, 

measured/Irate of application is not the actual one. If N fertilizer 

losses are 1mo~ a correction could be made. Therefore, if the fate of 

N and S fertilizer tend to be similar in soil-plant systems, there would 

be difficulties in using the "A" value determination to measure available 

soil S. 

Of the remaining biological tests, the greenhouse tests, whereby 

plants are grown and the S supplying power of soil assessed, are most 

widely used. Greenhouse tests r&~ge from Neubauer type extractions 

where a large number of plants are grown on a small amount of soil for 

short periods of time (17 d~s) to long term experiments of several 

months using few plants and a large quantity of soil. Reisenaur (1967) 

concluded that the majority of biological tests have distinct procedural 

limitations for evaluating the available S status of soils. 
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2. SULPl:LJR REQUIREMENTS OF NEW ZEALAND GRASSLANDS 

The grazed grass-legume sward is an essential feature of New 

Zealand agriculture. The amount ofN fixed by the legume from the 

atmosphere determines its requirements for S as protein formation in 

plants involves the utilization of N and S in ratios ranging from 10:1 -

15:1 (Walker 1957). The amount of S required is 1/10 - 1/15 of the N 

fixed. The quantity of N fixed by clovers will va~ according to species, 

climate, soil and management. 

In the absen~e of fertilizer S, plants obtain their S requirements, ( . 
Q.:eQs JI (1'.Q. 

from S added in rainfall, sulphur mineralized from organic matter ;\'and 

sulphur di@oxide absorbed from the atmosphere (Whitehead, 1964). If 

these supplies are limited\grasses compete better than clovers for 

available S (Walker and Adams, 1958 a). 

(1) OCCURRENCE AND CORRECTION OF SULPhLJR DEFICIENCIES. 

Adequate field evidence that S deficiencies occur in New Zealand 

pastures have been presented in recent reviews by both Metson (1969) and 

Ludecke (1969, 1973). Pertinent points are: 

(1) The majority of investigations into S deficiency appeared to have 

been conducted on sites where clovers were introduced into native 

pastures, 

(2) Most investigations have been in the South Island, 

(3) Recent trials on previously untopdressed pastures in the North 

Island have shown S responses. 

Most New Zealand soils are considered inherently deficient in 

sulphur for adequate legume growth (Walker and Gregg, 1975). Exceptions 



are likely to be: 

(1) Soils which contain considerable amounts of adsorbed S04-S 

>20 pgS/g) especially in topsoils. These soils will usually be 

deficient in P with a low pH. This adequate S situation is likely to 
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be only temporary as recent work has shown that on a highly S retentive 

North Island soil containing 20 )lg/ g of adsorbed S in the topsoil, 

sulphur responses were obtained in the second year on a previously 

untopdressed site (.During and Cooper, 1974). 

(2) Soils of some coastal areas where atmospheric returns of sulphur 

are sufficient to meet clover requirements over the growing period. 

This effect will be enhanced in years of low pasture productivity and 

where soils have high S retentive capacities for sulphate, especially 

in topsoils. 

(3) Soils where ground water, containing appreciable sulphate S, may 

fluctuate in such manner as to provide sufficient S for plant growth. 

The amounts of S required to overcome initial S deficiencies in 

New Zealand pastures would be expected to va~. Published evidence to 

support this viewpoint is meagre as most investigators, for example Lobb 

and Bennetts (1958), conducted experiments ~o determine only whether 

responses existed or not. Heavy applications of S were used with insu:ff-

icient intermediate rates. In one of the few field trials where sufficient 

rates of S were used, Walker and Adams (1958b) found in the first year in 



Canterbu~ a maximum response of 25kgS/ha to application of gypsum. 

However, much variability existed in their yield data. A review of 

the Ministry of Agriculture and Fisheries unpublished Field Research 

Reports (1968-74) indicates that most trials, investigating responses 

in previously untopdressed count~, showed a maximum response range 

from 10-40 kgS/ha for gypsum applications. In practice, sulphur is 

generally applied as a constituent of superphosphate with some areas 

receiving S fortified superphosphate when P deficiency is not acute. 

On developed pastures, which were initially S deficient, a 

continuing but declining requirement_ of S should exist (Walker and 

Gregg~ 1975). Evidence, to support this contention, is difficult to 

obtain. Few tria~s, critically assessing S requirements on developed 

pastures, have been conducted. Fewer still are published. 

Support for a continued but declining requirement is provided 

by an unpublished trial on a yellow brovm earth soil in the Nelson 
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area. Sulphur- responses declined ~rom an initial requirement of 20 kgS/ha 

to 10kgS over a period of 6 years (O'Conner, pers.comm.). Similar 

results were found in developed pasture in Central Otago under irrigation 

(Cossens, pers. comm.). 

During (1972) reported that, on a stony soil related to yellow 

grey earths, once superphosphate was discontinued sulphur responses were 

apparent in the first year after withdrawal and were greater than P 

responses. Rates of S required to overcome these deficiencies were not 

investigated. 
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On the other hand in a very recent extensive range of trials 

assessing both P and S requirements on major New Zealand soil types, few 

S responses were found on developed pastures in the first year after 

cessation of topdressing. Reasons for this unexpected finding have not 

been established (Saunders and Cooper, 1975). Thus, the S requirements 

of developed pastures are not fully understood. 

Walker and Gregg (1975) considered that the widespread regular 

use of superphosphate should generally overcome S deficiencies in most 

situations. Sulphur deficiencies are only likely to occur where: 

(1) Yearly additions of fertilizer S are too low for maximum N fixation 

by clovers. 

(2) Leaching losses are higher than normal, especially on soils with a 

·low S retentive ability •. 

(3) Other nutrient deficiencies are corrected with fertilizer contain

ing too' little S. 

(2) ASSESSMEtfT OF PASTURE SULPHUR STATUS BY SOIL AND PLANT ANALYSES. 

Both soil and plant analyses have been used to assess the S 

requirements of New Zealand pastures. 

(a) Soil Analyses. Few published data exist. Cooper (1968), using 

conventional soil extractants, determined critical levels for different

iating between S responsive and non-responsive sites. These levels 

varied with the type of extractant used and are summarized as follows: 



Extractant 

0.15% CaC12 

0.5 MNaHC0
3 

KH2P0
4 

(500 pgP! g) 

Critical Level pgS!g 

6 

30 

8 

. 

0.03MNaH2P04 (in 2M acetic acid) 10 

She considered that the sodium phosphate-acetic acid extractant 

(Bardsley· and Lancaster, 1960) to have the widest utility •. However, the 

sites studied were not fully representative. Most were S responsive, 

had a low S retention capacity and were generally in an undeveloped 

state. A large area of developed pastures, which received regular 

additions of superphosphate, was not calibrated. Saunders et ale (1969) 

attempted to rectify this situation but found the two extractants used 

(p in acetic acid and Ensminger's (1954) extractant - KH2P0
4

) were 

unsatisfactory for differentiating S responsive and non-S responsive 

sites on developed pastures. Three possible reasons for the lack of 

success were suggested, viz; 

(1) Type of vegetation and change in the nature of soil sulphur 

(2) Amount of allophane in the soil 

(3) Lack of an understanding of the depth from which plants take up 

sulphate ions this mqy vary from season to season. 

The most intensive investigation into the utility of various 

extractants for determining S responsive and non-responsive pastures 
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has been completed recently by Saunders and Cooper (1975). These 

workers concluded that 0.0,3M NaH
2
P0

4
2HeO in 0.35M acetic acid (pH = 3.0) 

was a little more useful than Ensminger reagent, particularly for 



determining S responsive sites. However, both these methods were 
<; 

unreliable in predicting S status where values between 6-9 pg/g were 

recorded. Phosphate in 2M acetic acid was satisfacto~ in determining 

S status of low S retaining soils, but not high S retaining soils. 

To assist in the determination of pasture S requirements, 
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emphasis has been placed recently on determining the S retention capacity 

of New Zealand soils. Saunders etal( 1969) considered that provided there 

is sl~ficient movement of water through the s?il, a soil of. low S 

retention may exhibit S deficient pastures within 12 months if super-

phosphate is withheld. A medium retentive soil m~ become deficient 

within one-two years ruld a high retention soil two-four years. The 

evidence at present is too limited to substantiate these predictions. 

Overall, then, the use of soil tests to adequately assess plant S 

status has not been fully successful. This lack of success is evidenced 

by the ommission of a soil :test for S from the Ministry of Agriculture 

and Fisheries soil testing service. 

(b) Plant Analyses. As an index of the sufficiency or otherwise of 

the sulphur supply to plants, various diagqostic criteria of plant tissue 

(usually leaf) h~ve been used. Those in more general use include: 

Total sulphur (S) 

Sulphate sulphur o~ inorganic or reducible S (80
4

-S) 

Total Nitrogen/Total S ratio (N/S) 



When analytical criteria are used for diagnostic purposes 

frequent use is made of the term "critical level". McNaught (1970) 

considered that, of the three criteria used for defining critical 

levels, physiological" cri tical level" or the minimum nutrient con

centration in plant tissue for maximum growth was' the most suitable. 

Metson (1973), in an excellent review of S in forage plants, considered 

it also the most widely used. The following review considers mainly 

physiological "critical levels". 
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(i) Total Sulphur: At an immature stage of growth (grazing height), 

McNaught and Chrisstoffells (1967) suggested a critical level range of 

0.25f~0.29% for whit~ clover. In his review, Metson (1973) made the 

interesting observation that ve~ few reported S analyses for white 

clover ever exceeded these critical levels. Competition from the grass' 

component must, therefore, always keep white clover only marginally 

sufficient in S. 

At more mature stages of growth, critical levels have not been 

established. A wide range of nutrient concentrations (0.22f~0.34%) 

were reported by workers at Lincoln College (Walker et al., 1955; 1956a;' 

Walker and Adams, 1958a; 1958b) for white clover introduced into native 

pastures. These nutrient concentrations, from plots receiving the 

highest S application at each trial site, are unlikely to represent 

critical levels as insufficient rates of S _ were used in most 

investigations. 
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In New Zealand critical levels have not been established for 

subterranean, red, crimson and alsike clovers. Overseas evidence 

suggests that they will be lower than those for white clover (Metson, 1973). 
,iI' , 

Limited data is available for critical levels in the grass 

component of mixed swards • Nitrogen status appeared important. McNaught 

and Chrisstoffells (1961) proposed a mean critical level in rye grass. of 

0.28% with a higher value of 0.30% under high plant N status and a lower 

value 0.25% where N plant status is low. The work of O'Connor and Vartha 

(1969) using Dactylis glomerata in a pot experiment confirms this effect 

of N status on critical levels of S. 

Data for critical S concentrations in rangeland grasses are too 

few to draw any general conclusions. No critical total S values were 

evident in a trial conducted in the Canterbu~ foothills, in the first 

year of an experiment with a satisfactory S response curve (Walker and 

Adams, 1958b) . 

. (ii) Sulphate S: In contrast to total S, critical values for 

sulphate S in both clovers and grasses have not been determined for 

either immature or mature stages of growth. 

In a field trial, where maximum d~'matter was assessed, Walker 

et al., (1956a) reported a mean value of 0.007% for white clover at the 

highest rate of application (40 kgS/ha). This result compares favour-

ably with critical SO,-S values for subterranean clover as reported by 
'+ 

Jones (1962) in the United States and BouIDa et al.,(1969) iri Australia. 



In improved ~egrass-white clover pastures, Metson (1972) 

reported values ranging from 0.009.%-0.239.% with no clear indication 

of a critical level occurring. 

Metson (1973) concluded that since sulphate -S represents a 

relatively sensitive index of S supply, it would seem desirable to 

undertake more trials with the objective of establishing critical 

levels for near maximum production of grasses and clovers. The 

generally low levels of sulphate sulphur and reported variations with 

stage of growth suggests that it may be difficult to determine a 

critical value for clovers. 
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(iii) N/S Ratio: McNaught (1970) proposed a critical N/S ratio 

in the range of 17-19 for maximum white clover production in an actively 

growing pasture sward. These values are similar to those found for 

alsike and red clover in America (Walker and Bentley', 1961). 

An advantage of the use of N/S ratio should be the elimination 

or reduction of the differences due to stage of growth and N status. No 

increased precision can be shown for the New Zealand data. For example, 

Walker and Adams (1958a) found in mature white clover the N:S ratio was 

, 20 when white clover was unlikely to be S 'deficient. 

In contrast to clovers, many grasses tend to accumulate SOLf--S when 

S supply is adequate or excessive. A very narrow N/S ratio «8) results. 
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Conversely, under conditions of S deficiency, SO 4--S is absent and 

non-protein forms of N tend to accumulate, increasing the N/S ratio. 

Overall, grasses exhibit a rather wide range of N/S values (Metson, 1973)~ 

Critical levels for grasses appear variable. McNaught and 

ChrisstoffeIls (1961) considered that N/S ratios varied according to N 

status and proposed values of 9 where total N was low and 13 where total 

N was high or pastures were at an immature stage of growth. This 

variation is difficult to understand as N and S are ~equired in similar 

proportions. In fact in a later paper McNaught and During (1970) 

proposed a critical range of 15-17. Nitrogen status was not stated to be 

of significance. 

In his review, Metson (1973) concluded that a Mis ratio of not 

more than about 6 or 8 in the grass m9Y be required to ensure both 

adequate S nutrition and maximum dry matter production of mixed pastures. 

Because many factors influence the level of S in both the clover 

and grass component of grazed swards, it would appear unwise to use any 

of the plant S parameters to determine S status mn isolation from other 

assessments. At the best, S analyses can 9nly assess plant S status at 

the time of sampling. They are unlikely to predict plant S requirements 

in the future. 
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. (3) CONCLUSIONS. 

Simple field experiments over the last twenty years have 

provided most of the information in regard to the S requirements of 

New Zealand pastures. The majority of these trials were sited in 

unimproved country. 

Results suggested a widespread incidence of S deficiency. Both 

plant and soil analyses have been used to .assess the S status, with 

plant analyses appearing to be more successful. 

Sulphur requirements are generally met by the application of 

superphosphate. Provided the level of superphosphate inputs are 

adequate in terms of frequency and amounts, S inputs should be sufficient 

to sustain pasture production throughout the year. No doubt this know-

ledge has prevented a wide research interest in the determination of the 

S requirements of developed pasture. , 

In rece~t years, there has ~een a growing awareness of the 

efficiency of superphosphate use in New Zealand. Contributing factors 

appear to be: 

(1) Increases in fertilizer transport and application costs, 

(2) On a significant number of soils contiaual use of superphosphate 

has increased the plant available P status to more than adequate 

levels. 

(3) Fertilizers, containing P,have been implicated in the pollution of 

inland waters. 
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Frequently research workers are asked such questions as "whether 

a cessation or reduction of fertilizer use will have any deleterious 

effect on productivityt' or "could high P analysis fertilizer be used?". 

Whilst the research on P requirements of New Zealand pastures should 

provide some guidelines to answer some of these questions, it is doubtful 

whether the existing knowledge, with regard to S requirements, is 

adequate. 

An increase in knowledge of. S requirements of pastures could be 

achieved by the use of additional field trials .of suitable design. However, 

the utility of field trials is ve~ much dependent on the extent of the 

extrapolation of results. An understanding of the fate of fertilizl3!, 

sulphur used in field trial studies is an essential pre-requisite to 

successful extrapolation. 
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1. THE FATE OF FERTILIZER SULPI-iUR ~lI.PPLIED TO SOILS. 

In contrast to the large number of investigations into the fate 

of N fertilizers applied to soils, S studies have been few. Possible 

reasons are: 

(1) The more widespread deficiency of N as a plant nutrient. 

(2) The higher cost per unit of N and hence its greater importance. 

(3) The use of N15 since the early 1940's has enabled the fate of N 

fertilizers to be followed more precisely. The use of S35 was 

del~ed until suitable measurement techniques were developed in 

the mid 1950's. 

(4) The similarity of the N and S cycles either in soil-plant or soil-

Plant-animal systems implied that S fertilizers underwent the same 

f ate as N fertilizers. 

Whilst there is much similarity in S and N cycles, several 

important differences do exist, viz: 

(1) Most N fertilizer is applied to arable farming systems. Sulphur 

fertilizer is applied not only to arable but also to non-arable 

systems in which the animal is an integral part. 

(2) Some soils have the ability to adsorb sUlphate ions, thus reducing 

the extent of leaching losses. 

(3) Rates and frequency of fertilizer application m~ differ between the 

two nutrients of S and N. 

(4) Solubility of many S fertilizers differ from those of N (which are 

generally ve~ soluble). 

(5) Mineralization of S and N incorporated into organic matter, may not 



proceed at the same rate or in the same ratio of their nutrient 

contents in organic matter. 

Thus, it. would be unwise to assume that the fate of fertilizer 

sulphur would be similar to that of fertilizer N. 

When sulphur-containing fertilizers are added to soil-plant 

systems to overcome, or prevent a S deficiency, ~~r prime aim is to 

augment the plant available pool of S. The rate in' which this is 
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achieved depends intially on many factors relating in particular to the 

form and amount of the fertilizer added and its rate of dissolution. 

Once fertilizer S as sulphate enters the plant available pool) . 

many related processes operate. The sulphate ions may be taken up by 

both plants and micro-organisms or they may be either adsorbed and/or 

leached beyond the reach of plants. Fertilizer sulphur taken up by 

plaDts may be returned as a component of plant residues and later 
. . 

released, through mineralization, to the plant available pool. Similarly, 

the fertilizer sulphur incorporated in microbial tissue may be returned 

to the plant available pool. 

Losses of fertilizer sulphur may occur before dissolution is 

completed, through removal in surface runoff or volatilization. 

With the additional influence of the grazing animal similar 

processes will operate. Some of the S will be retained in animal tissues 
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and some will be returned to the soil in dung and urine in both 

organic and inorganic forms. Some of these processes involved in the 

fate of applied S are reviewed. 

(1) MOVEMffiqT OF FERTILIZER SULPHUR IN SOILS. 

In common with the assessment of other nutrients, sulphur 

movement in soils has been evaluated by three techniques, viz: lysimeters, 

leaching columns and field investigations. 

Lysimeters appear to be the most common and oldest method used 

in evaluating S movement. Several researchers have reviewed the liter-

ature on lysimeter construction and discussed the advantages and problems 

associated with lysimetry (Stauffer and Rust, 1954; Dreibelbis; 1957; 

Fried and Broeshart, 1967). In S movement studies, commonly various' 

sulphur treatments are imposed and the effects on either short term or 

long term movement are assessed from the difference in the percolate S 

concentration. The recent use of _radioactive S35-labelled fertilizer 

has refined the technique. 

Fried and Broeshart (1967) co~sidered lysimeter studies to be 

quantitatively meaningless. Their criticism was based on three major 

issues: 

(1) The moisture regime within lysimeters is not similar to the adjacent 

field moisture regime. 

(2) The losses by leaching from tht3 surface soil are not similar to the 

losses from the subsoil. Yet it is commonly deep in the subsoil that 



percolate is sampled. 

(3) Environmental conditions surrounding lysimeters are not uniform. 

The utility of lysimeters is based on the fact that ther highlight 

factors likely to influence S movement in soils. (Fried and Broeshart, 

1967). The use of field drains in assessing nutrient losses is basic-

ally a large scale lysimeter study. Although other nutrient losses have 

" been measured in this manner (Burke et al~, 1974-)no investigations .in-Po 

S losses have been made. 

In contrast to lysimeter studies, leaching column investigations 

are normally of short duration and conducted in the laboratory. They 

have many of the weaknesses associated with lysimeters with the added 

disadvantages that the soil is artificially placed in leaching columns 

and normally no plant uptake is operating. A major advantage is that 

the pattern of fertilizer sulphur distribution within the column can be 

me~sured in addition to the fertilizer S lost in percolate (as used by 

Chao et al., 1962a). 

Few fiel~ investigations of fertilizer S movement exist. R~cently 
/ 

three studies, using non-labelled fertilizer have been reported (Rhue and 

Kamprath, 1973; Gillman, 1973; During and Cooper, 1974-). Rhue and Kamprath 

(1973), in a more intensive time study th~ Gillman's (1973), used changes 

in plant available SUlphate as the criteria of fertilizer sulphur move-

ment with time. The amount of plant available sulphate was measured at 

the beginning of the experiment for various soil depths and compared with 

similar determinations on sulphur treated plots over a period of time. 

A major weakness of this approach is that ~he changes in plant available 
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sulphate with time, might not be entirely due to movement per see Both 
It! ( \ :' 

plant uptake and immobilization of sulphate into organic frac'tions was 

neither evaluated nor considered. Furthermore, plant available sulphate 

levels assessed prior to S treatment may have altered over the duration 

of the experiment (200 days) thus influencing the· measured differences 

with S treated plots. During and Cooper (1974) used a similar technique 

to that of Rhue and Kamprath (op.cit.) in a pasture trial of a longer 

duration. At each sampling, an assessment of plant available sulphur 

was also made on the control plots. This eliminates one of the weakness-

es of Rhue and Kamprath's (1973) study. 

In Gillman's (1973) study, S movement was assessed by changes in 

the total S content of the soil. Howeve7 abnormally large amounts of S 

(100 kgS/ha) were added to a soil of low total S content (40 pgS/g) to 

enable differences to be detected. 

Amore precise field investigation on S movement would require 

the use of radio-active labelled S35 fertilizer. In such studies soil 

samples at va~ing depths would need to be analysed for fertilizer S 

content and downward movement ~'studied over time. Surprisingly, few 

investigations of this nature have been reported. Australian workers 

(May et al., 1968) appear to be the first to have used radioisotopes in 

this manner. Their investigation was concluded after 215 days but, 

although not stated, it appeared that plot size (15cm x 15cm) was too 

small to allow further soil sampling. In a later similar experiment} 

Till and May, (1971) used larger plots (1.Om x 0.25m) and the experi-

ment was continued to 575 days. 
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In all the above field investigations, except that of. During and 

Cooper (1974), the extent and pattern of S movement was not related to 

causative factors. The reasons for this are unknown b~t may be due to 

the difficulties of identifying and measuring factors affecting S 

movement under field conditions. 

Laboratory studies, investigating the movement of fertilizer ions, 

have commonly used the approach of Bates and Tisdale (1957) for studying 

N movement in soils.Aweighted mean was determined for the amount of N in 

.the ppofile and this mean point at anyone time was related to various 

soil properties. This quantitative assessment of nutrient movement appears 

suitable for field studies in the absence of plants. In fact, Balasubra

manian et al., (1973) have used the technique to study N movement in 

flooded soils. However, in the presence of plants, the weighted mean for 

a particular added nutrient is influenced not only by downward movement 

but also by the extent of plant uptake. Furthermore, the assessment of 

the full depth over which the added nutrient movement occurs in the soil 

must be made. Normally, the maximum sampling depth for field experiments 

are predetermined by availability of suitable sampling equipment and site 

characteristics. Once the added nutrient moves beyond the depth of 

sampling, the technique of Bates and Tisdale (1957) can no longer be used. 

(a) Factors Affecting the Movement of Sulphur in Soils. Transport 

by water transmission, rather than nutrient diffusion, is the major 

mechanism by which the sulphate ion moves in the soil (Harward and 

Reisenaur, 1966; Fried and Broeshart, 1967). Depending on soil 



conditions,,! downward movement through water transport can be either 

lateral or vertical. The present review considers vertical downward 

movement only, although it is not~d that lateral movement of S has 

been observed (Barrow and Spencer, 1959) and measured (During and 

Martin, 1968) in field studies. 

The movement of any ion within soils, is influenced by the 

following two conditions (Harward and Reisenaur, 1966): 

(1) The ion concentration in the soil solution and its reactions with 

solid phase components, and 

4-5 

(2) The amount, pattern and velocity of water movement through the soil. 

Any factor affecting the above conditions will influence - both 

the extent and rate of S movement in soils. 

Once sulphur from fertilizer particles enters the soil as sulphate 
Ill" I ( . ,I. . • \' 

, t) • \' \." \ \ "1 :' f' j \ t \. + 

ions, it becomes b",ehaviourly identical to the existing sulphate ion in 

the soil. The ·factors affecting the movement of S in soils are reviewed 

in relation to fertilizer, climatic, soil and plant influences. 

(i) Lertilizer: Forms, placement and'amounts of fertilizer are 

significa~t features influencing the movement of S in soils. 

Fertilizer form is characterised by its che~tcal and physical 

co~position. Both are known to influence the sulphate ion concentration 

in soil solution (Aylemore et al., 1971). There is conflicting evidence 

on the relative leaching losses of S from gypsum and elemental sulphur 
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applied to the same soil. Field lysimeters (Jones et al., 1968) and 

glasshouse leaching experiments (Muller and McSweeney. 1973) have shown 

that S in gypsum is more readily leached. Field trial results of 

Williams et al., (1964) also supported this viewpoint. On the other 

hand, Rhue and Kamprath (1973) recently found in a field trial, that S 

leaching from both gypsum and elemental S was similar. These conflict

ing results are not surprising as the comparisons between fertilizer 

forms were confounded by differences in particle size in the investi

gations of both Muller and McSwee~(1973) and Rhue and Kamprath (1973). 

To determine whether pla~t yield responses to applications of 

superphosphate in the field are due to either its phosphorus or sulphur 

component, gypsum is used often to assess S r~sponses. As a consequence 

gypsum and superphosphate have been compared both as sources of S to 

plants and their liability to undergo S losses through leaching. 

Early New Zealand laboratory evidence (Cooper and Hogg, 1966) 

showed that, in the absence of plants, similar losses of S occurred 

from powdered superphosphate and gypsum over a relatively short period 

of time. In later longer term (1 year) glasshouse studies, Muller and 

McSween~(1973) showed that in the presence of plants 10.% greater 

leaching losses occurred from powdered superphosphate when compared to 

gypsum. Muller and McSweeney(op.cit.) considered that the P component 

of superphosphate may have reduced sulphate adsorption and enha~ced S 

losses. Earlier work of Barton and 'Wilde (1971) may provide an alter

native explanation. Because gypsum in superphosphate is in the anhydrite 

form its solubility would be higher than yhe dihydrate form used as 
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gypsum fertilizer. 

These patterns of S leaching, shown by Muller and McSwee~ey 

( 1973,) differ from those of a sho~t term laborato~ study as reported 

by Aylemore et ale (1971), who showed that in the absence of plants, 

more S was leached from gypsum. Aylemore et ale (op.cit.) considered 

that this effect was due to the precipitation of dicalcium phosphate, on 

dissolution of superphosphate particles, preventing rapid solution 

of calcium sulphate. Differences in experimental technique will have 

contributed to these conflicting results. No field studies have 

investigated comparative losses of S from gypsum and superphosphate. 

The-recent worldwide trend towards granulated forms of fertilizer 

has led to investigations into the effects of granulation on the nutrient 

availability and nutrient leaching potential of many fertilizers. 

In a recent New Zealand glasshouse study, Muller and McSweeney 

(1973) showed that the respective -recoveries of S in the leachate from 

powdered' . and granulated superphosphate was 50% and 17% respectively in 

terms of the amount applied. This work confirms the results of earlier 

laboratory studies by other workers(e.g. Wil'liams, 1969; Aylemore, et .. al, 

1971 and Williams 1971a and 1971b). All these results showed that 

increasing particle size reduced S leaching losses through a reduction 

in surface area. Often an increase in particle size of fertilizers can 

lower the plant availability of its nutrients. This effect is not found 

when S is present in the fertilizer as sulphate but is well known when 

S is present as elemental sulphur (Weir, 1975). 
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There are too few studies on which to draw general conclusions 

into the effect of fertilizer placement on S movement in soils. Volk 

and Bell (1945) using field lysimeters, found that four times as much 

S was lost from the broadcasting treatment compared to band placement. 

In contrast, a later experiment (Volk and Bell, 1947) showed that 5~ 

more S moved from the band placement compared to broadcasting. The lack 

of agreement between trials was probably related to differences in the 

form of S fertilizer. Gypsum was used in the earlier trial whilst the 

more soluble sodium, magnesium and potassium sulphates were used in the 

later trial. 

General agreement on the effects of fertilizer rates on S 

r movement seem;; to exist. 

study, showed that losses of S from increasing rates of S35-1abelled 

McKell and Williams (1960) in a field lysimeter 

gypsum were similar at each rate if results are expressed as a % of the 

amount applied. These results were confirmed over a wide range of soils 

by Chao et al. (1962a) in laborato~ studies. Cooper and Hogg (1966) 

showed,additionally) that the effect of increasing superphosphate rates on 

S movement was ·similar to that observed for increasing rates of gypsum 

fertilizer. No field evidence in New Zealand exists to support the above 

laborato~ and lysimeter findings. 

Overall, it would appear that the effects of fertilizer fODm in 

influencing the movement of S in soils are not always consistent. The 

wide variety of techniques used and the failure by experimenters to 

omit confounding variables are partially responsible for the conflicting 

results obtained. 
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(i) Climate: Rainfall is the major climatic factor influencing 
~~) ,I \/ 

the movement of nutrients in soils. iWater percolation through soils 

occurs whenever rainfall ex~eeds evapotranspiration. The extent and rate 

of water percolation (or nutrient movement) is dependent on the water 

holding capacity of the soil and other soil characteristics (Fried and 

Hroe shart , 1967). Water percolation or leaching occurs more frequently 

during winter months when evapotranspiration is low and soil water 

holding capacity is at a maximum. 

The amount of water available for percolation and hence leaching 

can be calculated from rainfall data and empirical formula~determining 

potential evapotranspiration (Thornthwaite, 1948; Penman, 1963). Addi tion-

ally, the amount of water moving beyond the estimated root uptake zone 

of plants can also be determined when allowance is made for soil water 

holding capacity vlithin this zone. For the determination of potential 

evapotranspiration under New Zealand conditions, Coulter (1973a) 

considers the Penman formula to be more realistic than the Thornthwaite 

formula. 

The laborato~ study of Chao ~~. (1962a) appears to be the 

only published work where different water application 'rates were applied 

to soils receiving similar amounts of fertilizer S at similar times. This 

short term study in the absence of plants showed that the effect of 

increasing rainfall applications on a soil depended on the soil charact-

eristics. On coarse textured sandy loarns the amounts of' fertilizer S 

moving down was in proportion to the amount of' water applied,Wbilst on 



clay soils, little movement of S occurred over the range of rainfall 

used (25-200mm). 
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Several workers, studying the movement of .fertilizer S over time, 

have measured rainfall or the amount of percolating water simultaneously. 

Ve~ few have attempted to relate S movement with either the amount of 

percolate or rainfall. 

Using field lysimeters, McKell and Williams (1960) fou..nd that the 

largest increments of fertilizer S in the percolate were from initial 

leachings. The recent New Zealand study of During and Cooper (1974) 

related downward movement of pho~phate displaceablesulphate (P.D.S.), 

from an application of gypsum, to rainfall in excess of evapotranspiration. 

Fourteen months after the application of 168 kgS/ha to a.high.S-retaining 

soil, the main crest of the displacement curve (determined by inspection) 

was estimated to have moved 1 cm for each 4 cm of ra:L.nfall over evapo

transpiration. Furthermore, despite 3000 mm of excess rainfall over 

evapotranspiration in five years, the added fertilizer S was considered 

not to have penetrated beyond a depth of 45 cm •. 

Some general observations relating rainfall to S movement can be 

made from published studies. For instance, in the Australian study of 

May .et ale (1968) on permanent pasture;' S derived from gypsum fertilizer 

applied in the autumn han penetrated, with a uniform distribution, to 

10 em after 41 lIll!l of rainfall'. A further 16 mm of rainfall call.sed S 

from the fertilizer to reach a depth of 30 CID, with the major proportion 

in the 0-10 cm depth. No further penetration of fertilizer S was fOlmd 



with an additional 132 rom of rainfall over the winter on this free~ 

draining soil. 
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In the field study of R..lJ.ue a.lldKamprath (1973), with wheat, 56 

mm of rainfall after an autumn application of gypsum fertilizer caused 

S to penetrmre to at least the 30-45 cm depth on a soil of a loamy. sand 

texture. The distribution of fertilizer 8 to 30 cm was relatively even~ 

After 180 days,· a fUrther 344 rom of rainfall over winter months had 

caused complete removal of fertilizer 8 from the 0-45 cm depth. 

Clearly, a 4irect relationship between rainfall and S movement is 

unlikely to exist 1l..11der field conditions. Variations in rainfall distri

bution and .intensity, modified by other factors affecting 8 movement, will 

contribute to a variahle relationship between rainfall and S movement. 

(iii) 80il Prop~~tie~: The movement of 8 in soils is dependent 

on many soil properties, which affect both water movement and the 

concentration of nutrients in soil. solution. 

Chao et ale (1962a) considered that in leaching colu.~ experi

ments, soil properties such as texture, org~ic matter (type and quantity), 

type of clay, kinds and amounts of a~orphous inorganic exchallge materials, 

degree of acidity, and presence of other anions should influence the 

pattern of fertilizer 8 distribution. Despite the use of' a large number 

of soils, Chao ~al (op.cit.) were u~able to isolate the importance of 

s··Lngle soil properties. This is not surprising as the movement of 8 in 
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soils would be a function of the integrated effects of soil properties. 

It is expected that variations in sulphate sorption capacity 

should influence the rate of S movement in soils. Leaching column 

studies (Chao at aI., 1962a; Hogg and Toxopeus, ·1966) have shown that 

soUs with a high sorption capacity lost less fertilizer S when leached, 

than those of low S sorption oapacity. W11ether this effect was due to S 

retention per se or to the effect of associated soil properties, such as 

s6il texture, on water movement is not clear. 

Under field conditions, it is difficult to study the effect of 

soil differences on S movement. Uniform rainfall is a necessary pre

requisite. By placing different soils in lysimeters in one area, Jones 

et ale (1968) contrasted S movement under similar rainfall. In the 

first year, differences in the volume of leachate collected occurred 

between soils. This was reflected in the loss of high amounts of 

fertilizer S from the most leached soil. This suggests that the amount 

of water percolating through a soil is of paramount importance, although 

other soil effect~ such as S retention, were not assessed. 

The results from the study of Rhue and Kamprath (1973) in North 

Carolina, is further evidence of the importance of soil properties in 

influencing S. movement. After ;autumn .... application of gypsum fertilizer, 

two soils (sand and clay loam) under wheat, received virtually the same 

rainfall (400 rom) over the autumn-winter period. By early spring, no 

fertilizer S remained in the top 45 cm zone of the sandy soil. On the 

clay soil, fertilizer S had not moved beyond a depth of 15 cm. Wnether 

these affects were due to differences in the amount of water percolation 
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or S absorptive capacity of the soils is unknown. 

It is obvious, therefore, that soil type modifies strongly the 

effects of rainfall on S movement. 

(iv) Presence £f Pla~ts: Plants will, firstly, remove SUlphate 

ions from soil solution thus reducing the quantity of SUlphate ions 

liable to leaching. Secondly, they utilize soil water to meet their 

physioiLogical requirements th,.ls il1J'luencing water movement (Bartholomew 

et al., 1965). 

It then follows that the more active plant growth is, the greater 

will be the tendency for plants to reduce the extent and rate of S 

movement through soils. Experimental evidence, in support of reduced S 

movement (and leaching) in the presence of pla~ts, is lacking. However, 

there is sufficient evidence from fertilizer nitrogen studies (Allison ~., 

1959; Raney, 1960) to s~ggest that S movement on cropped soils would be 

less than on uncropped soils. 

The extent that plants will C01Jnteract leaching losses of Swill 

be dependent to some extent, on plant S reqi.lirements. These are known 

to vary. In the most recent review, Spencer (1975) considered that 

cruciferous forages, lucerne and rape seed, have a high requirement for 

S, whilst sugarbeet, cereal forages, grains and peanuts have low require-

ments. Coconuts, sugarca~e, clovers and grasses have a moderate S 

requirement. Perennial plants will differ from annuals in their S 

uptake patterns. For pastures, the pattern of S recove~ will be 

reviewed in a later section. 
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It would be unwise to conclude that the rate of S upta..."'<:e by the 

above group of plants was related to their S requirements. Because 

plant S uptake is determined by both S concentration and the amount of 

plant growth much variation could be expected in the effect of plants on 

S movement in soils. 

(b) JheSignificance of Fertilizer Sulphur Movement. The movement 

of S in soils is of particular significance in relation to the S nutrition 

of plants. Sulphur movement is of importance when S leaches beyond the 

feeding zone of plant roots. 

Pl~!t root distributio~ and root weight provide only a very arude 

indication of feeding zones (Nye and Foster, 1960). The extent of 

absorbing root surfaces is of major importance. Osman· (1971) has suggested 

that if live and dead roots were separated a more realistic determination 

of feeding zones might result from plant root weight studies. 

To deliq.eate zones of active feeding, tracer techniques using 

radioactive isotopes are essential (Newbould, 1969). The majority ot' 

feeding zone studies have been conducted using p32 • Effective? feeding 

zones have been studied for field crops by Hall et 8.1. (1953), for 

developed pastures by Jackman and Mouat (1972), for single grass crops 

(Harr:ieset aI., 1974-) ana for natural grasslands by Halm et a1. (1972). 

The majority 3f P uptake appeared to take place in the upper 15 'cm 

of the soil profile. It would be unwise to conclude that the uptake 

zones of other nutrients would be similar to that for P. In fact, 

Newbould (1969) showed that ryegrass uptake zones differed f.or P and calcium .. 
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No studies have been conducted into the active uptake zones from which 

pasture plants obtain S. 

Apart from zones of most active uptake, the ma~imum soil depth 

from which uptake occurs is of importance in relation to S movement. No 

data exist for pastures, but Bentley et alt (1955) found S uptake in 

lucerne occurred to a depth of 50 cm and in wheat a~d oats to a depth 

of 40 em (Pawluk and Bentley, 1964). In both cases uptake occurred 

from the lowest depth studied. 

It would seem reasonable to assume that provided living roots 

are present,- some uptake of nutrients will be occurring even at lower 

soil depths. In fact, Weirsum (1967) has shown that at lower depths, 

there is often greater efficiency of uptake per unit root mass. Brash 

(1973) has reviewed the limited data available on the rooting distribution 

of pasture plants (dominantly white clover and ryegrass). In mixed 

pasture, ryegrass tended to be deeper rooting than white clover. With 

white clover, penetration into the soil varied from 30-300 em indicating 
.. 

the overriding influence of enviro~ental factors in the expression of 

plant genetic characteristics. 

Once nutrients are leached beyond ·the zone of aotive root uptake, 

ear,ly in the growing season, they may become available to plants again, 

either by upward salt movement (J a'Jks on and Thomas, 1960) or through 

extension of plant root systems (Kran.tz, et.a1.,1943). Upward movement of S~-S 

in soils has been measured in laborat~)!·-.f stud.ies by A..'1.med et a1. (1973). 
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However, supporting field evidence is lacking. 

Clearly, the significance of the movement of S in soils must be 

related to the soil zone from which plant uptake occurs. Movement 

beyond the most active feeding zone is probably of major practical 

importance in the S nutrition of pla~ts. For pastures, active S 

feeding zones in the soil have not been assessed. 

(; (c) Conclusi~. The majority of' studies investigating S movement 

have been restricted to lysimeters and laboratory investigations with 

leaching columns. Translation of these results to the field situation 

is often neither investigated nor atteTIpted. In fact, the existing evi-

dence suggests that leaching colu~~ and lysimeter studies may bear little 

relationship to one another, or to the field situation. For instance, 

Jones ~t ale (1968) using lysimeters, found that a soil exhibiting 

" " large leaching losses to the application of gypsum showed good residual 

effects under field conditions. In New Zealand, Hogg' and Toxopeus (1966) 

in a short term leaching study (four weeks) recovered about 90% of the 

applied superphosphate in the leachate on a sandy soil within the yellow 

brown pumice soil group. These results agreed well 'with S responses 

measured in the field. However, in a recent long term (one year) glass-

house study by Muller and McSweeney (1973) on the same soil type only 1 CJ%; 

of the applied S in superphosphate was "lost through leaching and no S 

responses were recorded in white clover plants. 

Clearl~ to be able to predict and assess the significance of S 

movement in soils is d:i.fficult. Many factors will influence both the 
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concentration of sulphate ions in solution and water movement and hence 

S movement. All factors affecting S movecent in soils will operate in 

an integrated manner thus indicating a need for field studies. Fortu

nately, in New Zealand, the system of soil classification is based upon 

the delineation of soils on the basis of the integrative effects of 

soil properties. Theoretically, the S movement patterns measured on 

a particular soil unit should differ from those of other soil units 

within the same rainfall zone. The magnitude of these differences is 

a reflection of the integrated effects of both soil and plant factors 

influencing the concentration of S ions in soil solution and the extent 

and rate of water movement. 

This review on S movement clearly shows that at the commencement 

of the present study no field investigations o~ the downward movement of 

S from fertilizers in New Zealand soils existed. Since that time a 

study has been completed by During and Cooper (1974) on a highly S 

retentive North Island soil. However, the movement of S on soils of 

low and medium·S retention capacity has not been investigated. 

(2) TRANSFORMATIONS OF FERTILIZER SULPhuR IN SOILS. 

When S is released from fertilizer, it enters the available pool 

of soil S and it is subject to both uptake by plant roots and by micro

organisms (Freney and Swaby, 1975). The immobilized S may become 

available to plants again through the mineralization of animal and plant 
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residues returned to the soil. Thus two major transformations of 

fertilizer S occurring in the soil are its incorporation into organic 

matter (immobilization) and subsequent mineralization from the organic 

matter. 

(a) Incorporation Into Organic Matter. The mechanisms, amounts, 

rates and factors affecting the incorporation of fertilizer S are 

reviewed. 

Micro-organisms and plants play a major role in the incorporation 

of fertilizer S into soil organic matter. Micro-organisms can utilize 

sulphate directly for cell synthesis during assimilation of carbon 

(Conrad, 1950). The mode of incorporation of this sulphate into microbial 

protoplasm is unknown but it appears initially to be converted into 

cysteine and methionine (Bolton et al., 1952). Direct microbial incorp

oration of fertilizer S would be expected to be at a maximum soon after 

the application of fertilizers containing sUlphate. Incubation studies 

by Freney and ~s co-workers (1971, 1975) showed that microbial immobil

ization of fertilizer S applied in gypsum is both rapid aYJ.d large. No 

field studies have measured this effect. 

Fertilizer S, after being absorbed by plants from soil solution, 

may be returned to the soil as plant and animal residues (deaa. roots, 

leaves, exudates, dung and urine) to become part of the soil organiC 

matter. Whether the immobilized fertilizer S £'0 llows a. fate similar to 

immobilized fertilizer N is not widely proven. However, whenever 
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fertilizer N is incorporated into the organic fract:i.on of soils the 

weight of evidence (Jansson, 1963; Stewart et al., 1963; Broadbent, 1968; 

Legg et al., 1971) suggests that the recently immobilized N in organic 

material enters an "active" phase wi thin the organic matter pool. 

Within the " active" phase component s are constantly immobilized and 

mineralized. Eventually the components of the "active" phase equili

brate with a stable "passive" phase within the soil organic matter. 

The limited evidence available for S is in support of the "tvro 

phase" N theory. For instance, Freney et ale (1971) found in an incu

bation study that the addition of S35-labelled gypsum led to different-

ial ~abelling of some chemical fractions in organic matter. By far the 

best supporting evidence for an "active" and "passive" S pool in organic 

matter has been provided by TiU and M~y, (1970a). These workers 

estimated that by two years the added fertilizer sulphur had entered 

a pool comprising only 50% of-the total soil organic sulphur. This pool 

was actively involved in the cycling of S and was considered to consist 

largely of recently added animal and plant remains. 

Using comparisons of virgin and developed pastures,· Australian 

(Donald and Williams, 195~) and New Zealand' (Walker et al., 1959) workers 

showed that over long periods of time (15-25 years) consideraole amounts 

of fertilizer S were incorporated into the organic .S fraction of topsoils 

from developed pastures. These increases were considered to be due to the 

regular addition of superphosphate to grazed pastures and represent net 
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immobilization of fertilizer S. All fertilizer S additions could be 

accounted for in the Australian study, whilst in the New Zealand study 

3Cifo of the fertilizer S addition were unaccounted for. The pattern and 

rate of fertilizer S incorporation could not be assessed in the above 

studies as soil sulphur on developed sites was not determined at inter

mediate stages. 

In a similar, but more intensive New Zealand study than Walker et. 

al. ( 1959')' Jackman (1964) measured the accumulation of organic S in 

several New Zealand North Island soils. The increases in organic soil 

sulphur (0-15 cm) with time were attributed to fertilizer S additions. 

Calculated half lives for these increases ranged from 2-42 years but were 

subject to large errors. Jackman (1964) offered no explanation for the 

fact that on many soils equilibrium levels of organic S were reached 

before those for C and N. 

In the short term (within one year) the amount and rate of 

fertilizer S incorporation into the soil organic pool would appear to be 

of practical importance in fertilizer use. Short term sulphur balance 

studies in the greenhouse (Freney and Spencer, 1960) and in the field 

(Williams et al., 1964) have resulted in p0stulations of possible los~es 

of fertilizer S through immobilization into the organic fraction. Evidence 

in support of these contentions is accumulating. In fac~ incorporation 

of fertilizer S into the organic faction may be substantial. Freney et. 

ale (1971), in an incubation study, have shown that over 5Cifo of the added 

S35 -labelled NaS0
4 

was incorporated in the organic pool over 160 days. 

The majority of the incorporation occurring in 28 days. A field invest-
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igation by Till and May (1971) showed that of the radioactivity from 

S35-labelled gypsum remaining in the top 7.5 cm of soil after 151 days, 

over 80% was in the organic S fraction. 

Some of the factors affecting the incorporation of fertilizer S 

into organic S are reviewed. 

(i) Amount and Fertilizer Sulphur Concentration of Residues: The 

extent of maximum fertilizer additions from plant and animal remains over 

a given time interval~ dependent largely on their respective quantities 

and fertilizer S content. 

Under arable farming the return of plant residues during the 

growth of a crop is restricted to root exudates which might comprise up 

to 1000 kgDM/ha (Kohlein and Vetter, 1953). The major contribution 

arises from the return of stubble and roots once the crop is harvested. 

This return may comprise 1000-2000 kgDM/ha. 

Under grazed permanent pasture, larger plant residue additions 

exist. Goedewaagon and Schuurman (1950) have calculated that 4500-5000 

kgDM/ha are added annually in the root mass alone. Shamoot et aL (1968) 

estimated that 200-1000 kgDM/ha may also be contributed through root 

exudates. Thus, 5500-6000 kgDM/ha of plant residues mig~t be added to 

the soil each year. Plant residue returns under New Zealand conditions 

have not been measured but are likely to be of the same order (Watkins, 

pers.comm.). If 50% of the total root S content is derived from fertilizer 
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S, then approximately 5-6 kg fertilizar S/ha might be returned in plant 

residues V'/ithin one year .( assuming a root S concentration = 0.2% S). 

Under grazed conditions, animal dung (undigested plant material ) 

would also be returned. The amount of dung returned is variable but 

normally comprises 30-4-0% of ingested dry matter (During, 1972). Barrow 
""----------

and Lambourne (1962) found that dQ~g S concentration ranged from 0.01% -

0.1% depending on the S content of the ingested material. If the 

fertilizer S content in dung is 50% of the total S concentration a 

maximum return of 2 kg fertilizer S/ha might b~ expected in dung from a 

sward producing 10,000 kg DM/ha/yr (assuming dung S concentration =0.1%). 

However the dung return vlould be uneven:!.y distributed and a large portion 

(70%) of a paddock would not re cei va dung annually. 

(ii) Nutrient Composition of Pla.'1.t Residue: The extent that 

fertilizer S in plant and animal rasidues might be incorporated into soil 

organic matter over a year depends on the net result of minerali.zation-

immobilization processes in the soil. The dominance of either process 

is dependent on many factors. Of particular importance is the composition 

of the re sidue • 

Barrow (1960), after incubating various residues (plant tops and 

dung), concluded that where plant mate:cial has a C: S ratiO> 4-50 net 

immc;;bilization of rasidue S will oc·cur. A ratio between 200-450 pro-

duced only slight mineral'ization 'Ill t.1-J. immobilization occurring in SOI!le 

instances. Where cis ratios are less than 200 net mineralization occurs. 



He also stated that the C:S ratio of recently added material was likely 

to be of particular importance in determining whether mineralization or 

immobilization would occur. 

Determination of the sulphur, carbon and nitrogen content and 

thus nutrient ratios of root systems have been few. Whitehead (1970) 

measured nutrient ratios in the roots from pure culture swards of 

several grasses over the period of o~e year. Using Barrow's ( 1960 ) 

criteria he showed that decomposition of root material would result in 

the mineralization of appreciable amounts of s~lphur from the roots of 

white and red clover but not from the roots of lucerne or grasses. 

There were also seasonal differences in C:S ratios but not to the extent 

that they would influence this pattern of release. 

In a mixed sward of clovers and grasses the relative contribution 

of grass and clover roots to the deco~posing pool would therefore deter

mine whether mineralization or immobilization would ta~e place. 

Studies investigating the nutrient content of roots are normally 

conducted on roots which were alive prior to sampling. Under natural 

conditions the death of a root m~ be accompanied by transfer of nutrients 

out of the root mass, thus altering the nutrient ratios in the decomposing 

root. This aspeot has not been investigated (Langer, pers. oomm.). 

(iii) Amount £f Fertilizer Sulphur Added: Whether inoreasing 

amounts of fertilizer S on a particular soil are incorporated into the 
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organic fraction with increasing rates of fertilizer S application is 

unknovm. Greenhouse studies, using different rates of N fertilizer, 

suggest that a measurable' increase occurs in the amount of N incorp

oration (Allison, 1966) in the short term at least. No long term 

studies exist. 

Most studies, invastigatJng the incorporation of fertilizer S into 

the organic fraction, have not evaluated the adequacy of the rate 

used in preventing pasture S deficiencies. In fact Williams and Donald 

(1957) pointed out that the rate used on devel~ped sites, where they 

earlier assessed fertilizer S incorporation (Donald and Williams, 1954-), 

was probably insufficient to overcome S deficiencies. T:i!ll and May 

(1971) also suggested that the initial application of 17 kgS/ha may have 

been illsufficient to overcome S deficiencies at their field trial site. 

An inadequate application rate of S in these above investigations may be 

the reason for the large proportion of the fertilizer S added being 

incorporated into the organic pool. 

(iv) Mineralization of Biologically Immobilized Fertilizer Sulphur: 

Mineralization of S fromorga~ic matter and some factors affecting 

mineralization have already been reviewed. In these studies no distinc

tion was made between mineralization of S from recently incorporated 

organic S (includes fertilizer S) and the older (indigenous) organic S. 

Work with N1~labelled fertilizer has shown that recently immobilized 

fertilizer N in the organic fraction resists mineralization for rather 

long periods of time (Broadbent and Tyler, 1962). Their results are at 



65 

variance with those of' Jansson (1963) who calculated that the net mineral-

ization of' recently biologically immobilized f'ertilizer N amounted to 

3.0- ~I-.• 7 % per year. 

Until very recently no investigations had been carried out into 

the extent of' mineralization f'rom biologically immobilized f'ertilizer S. 

Freney et ale (1975) showed that the recently incorporated S (microbial) 

was twice as available to sorghum plants as indigenous S. However, in 

their investigations the recently incorporated S only accounted f'or 6% 

of' total S uptake by plants. The mineralization rate of' S f'rom the 

recently incorporated organic S was high (40%). These results dif'f'er 

markedly f'rom those of' Jansson (1963) f'or the mineralization rate of' 

recently incorporated N 15. The f'allacy of' considering the mineralization 

rate of' Nand S to be similar is 'f'urther highlighted. 

(3) RECOVERY OF FERTILIZER SULPHUR. 

Both plant recovery and total recovery . of' f'ertilizer S in soil-

plant systems are considered. 

(a) Plant RecoveEY. The recovery of' f'ertilizer S, similar to that 

f'or f'ertilizer N, has been assessee. by both the "apparent" and actual 

recovery methods. 

The more common "apparent" recovery method involved an assessment 

. I 

of' the dif'f'erence in plant S uptake between the control and S treated- . 
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plots. Actua;I. recovery is assessed by applying radioactive labelled 

S fertilizer to the soil, and measuring its consequent uptake by plants. 

No control plot is required. 

Although the two methods have not been contrasted for S recovery 

under simila~ experimental conditions, the evidence from N recove~ 

experiments (Allison, 1966) would suggest that considerable differences 

may -result .. "Apparent" recovery is often greater than actual recovery. 

These differences are mainly' associated with the so called "priming" 

effect resulting from the addition of a labelled fertilizer and the sub-

sequent increase in non-labelled fertilizer uptake by plants. 

The "priming" effect has been measured in both greenhouse and field 

studies with N 15 -labelled fertilizer (Legg and Standford, 1967). The "priming" 

effect of S fertilizers has not been reported, although recently Simon-

Sylvestre (1972) found that, in the absence of plants, both the addition 

of gypsum and elemental S markedly stimulated the mineralization of soil 

organic S. 

There is much controversy al;)out the existence and causes of 'priming". 

Jenkinson (1963) has reviewed the relevant literature and suggested four 

possible explanations for the "priming" effect often measured when C14_ 

labelled plant material is added to soils. These explanation~ listed below, 

may also pertain to the "priming" effects observed with N14-labelled fertil-

izer. 

(a) A model which can give rise to a..'1 apparent "priming" reaction even though 

the decomposition of native soil orga..'1ic matter is unaltered. The suggested 

mechanism involves a common intermediate of "native" soil organic matter a(].d 

the added labelled (C1l~) organic matter. During decomposition, the C14 enter$ 

a chemically homogeneous pool of material aYJ.d a corresponding displacement 

of C 14 in the soil intermediate occ:urs. It is possible that freshly 
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immobilized fertilizer nitrogen enters the intermediate, and displaces 

a proportional a~ount of soil nitrogen into an inorganic form. The 

greater the amount of freshly immobilized fertilizer nitrogen the greater 

the "priming" effect. More intermediate will be displaced as the reaction 

proceeds. Both the intermediate and freshly immobilized nitrogen would 

move toward isotopic equilibrium, and the effect would be reduced to 

zero., 

(b) An apparent "priming" effect could arise (as with C 14) through errors 

in the measurement of N15 in the plant. Uneven labelling, with the N15 

isotope, in the plant components could lead -to significant errors in 

estimating the amount of fertilizer nitrogen taken up by the plant. 

( c) "Priming" actions caused by differences in the microbial environment 

between a soil with and without the fertilizer added. For instance, pH 

may be influenced by the fertilizer treatment. Thus "priming" might arise 

out of the enhanced microbial activity brought about by the correction of 

environmental limitations by the added fertilizer. 

(d) Mechanisms by which additions of fertilizer nitrogen can directly 

increase the decomposition of native soil organic nitrogen and cause 

priming. Fertilizer additions may make the native organic material more 

decomposable. Alternatively, the added nitrogen may encourage a larger 

more vigorous microbial population' capable 0f a more rapid breakdown of 

organic matter. 

A'1.other unproven but logical explanation for the "priming!! effect 

has been provided by Fried and Broeshart (1967). They considered that 



where a yield response to an added fertilizer nutrient 'occurs, the 

subsequent increase in root growth should increase the plant upta"<e of' 

the same nutrient, not derived from fertilizer, on the treated plots~ 

A "priming" effect would result. 

68 

Investigations into the "priming" effect with N 15 -labelled 

fertilizer show that its magnitude can be large (Andreeva and Shcheglova, 

1966). The effect is generally of short duration (Allison, 1966). Both 

rate (Walker et al., 1956b; Legg and Stanford, 1967) and form (Broadbent, 

1965) of fertilizer nitrogen also affect the extent of "priming". 

"Priming" is normally positive but negative "priming" effects can also 

occur. 

For ~ractical purposes Allison (1966) considered that the 

"apparent" recovery method, at least for nitrogen, is sufficiently 

accurate. A problem, however, arises when differences, in the plant 

nutrient co~centration, between the control and treated plots, diminish 

with time (Fried and Broeshart, 1967). Under these circumstances, the 

actual recove~ method is the onl~ suitable method. 

Plant recovery of fertilizer nutrients can be considered in two 

stages. The recovery in the first year is normally termed the "initial" 

recovery and the recovery in subsequent years (normally 1 - 4 years) 

is called "residual" recovery. 
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(i) "Initial" Recovery: The literature available (TABLE I) 
. . 

indicated that, irrespective of plant species, recouery in field trials 

is generally low ( <: 20% of applied S). In the more ideal conditions 

of the glasshouse, recoveries were higher but generally less than 50% 
of applied S. These results can be contrasted with the higher figures 

(50-7~ quoted for fertilizer N recove~ (Allison, 1966: Hauck, 1973) 

under field and glasshouse conditions. 

Clearly, a multitude of plant, soil, fertilizer and climatic 

factors will influence the extent of fertilizer S recovered. Thus it 

would be unwise to draw too many conclusions from the date in TABLE I. 

Nevertheless, several features exist. 

It would be expected that the form of fertilizer would influence 

initial recovery. In general, gyp::mm appears superior to elemental 

sulphur, but not always so (.jones et ale 1970). The superiority of 

gypsum is considered to be due to its more rapid solubility. 

Even though more sulphur was taken up as the rate of fertilizer 

application increased, % recovery generally declined. Rainfall during 

the growing season is of considerable importance. McKell ~~d Williams 

(1960) and Williams (1961t-) measured S uptake at the same site in contrast-

ing years. The difference in respective recoveries was due to rainfall 

increasing rose clover growth in 1961t- (see TABLE I). 

Another major factor influencing the extent of fertilizer sulphur 



Irivestigators Country 

Walker and N.Z. 
Adams (1958b) 

Jones ( 1964) U. S.A. 

Jones et al. U. S.A. 
( 1970) 

During and 
Cooper (1974) N.Z. 

TABLE 1 
"Initial" (First Year) Recovery of Fertilizer Sulphur 

(a) Mixed Pas'fure 

Fertilizer S Response Recovery % of Application 
Form applied S Rate (s) 

Gypsum Yes 31 - 15* 2 0-40kgS/ha 

Gypsum Yes 17 - 10* 20-80kgS/ha 

Sulphur-bent on- 4* 
ite 
Gypsum Yes 11 45 kgS/ha 
Fine elemental 11 
S 

Gypsum Yes 10* 168 kgS/ha 

Comments 

Field 
trial 

Field 
trial 

Field 
trial 

Field 
trial 

-J 
o 



TABLE 1 (C ontinued) 

(b) Single Species 

Investigators Country Fertilizer S Response Recovery % Species Application Comments 
Form of Applied Rate (S) 

Rendig (1956) u. S.A. Gypsum Yes 60* Lucerne 36kgS/ha Field Trial 

Pumphrey and U.S.A. Gypsum Yes 27* Lucerne 20kgS/ha Field Trial 
Moore (1965) 17 40kgS/ha 

Jordan and Can. ~(}ypsum Yes 22** Lucerne 30kgS/ha Field Trial 
Baker (1959) Elemental S 10 Lucerne 

Feilinger et Can. Elemental S Yes 1* Lucerne 56kgS/ha Field Trials 
.§d. (1972)- S Prills 13 (Prills of sul-

phate & elemen-
tal S & benton-
ite). 

McKell and U. S.A. Gypsum Yes' 3-* Rose 20kgS/ha Field Trial 
Williams (1960) 7 clover 60kgS/ha (Lysimeters) 

Williams et. 
~. (1964) U. S.A. Gypsum Yes 1.3* Rose Field T~ial 

Elemental S 0.3 clover 

Weir et. ale Austra- Gypsum Yes 18* White 30kgS/ha Field Trial 
(1963) - lia Elemental S 13 clover 

Muller and Gypsum Yes 40* White SOkgS/ha Glasshouse 
McSweeney (1973) N.Z. Elemental S 32 clover Trial 

Nicolson Aust. Liquid sodium Yes 4S* Subterr- 30jlgS/g Glasshouse 
( 1970) sulphate anean 

clover 

Broomfield Bri. n.s. n.d. 50** Mustard 3OpgS/mJ.. Growth cabinet ( 1968) (Nutrient 601- -..J 
->. 

Kamprath et ale , 
50-* 

ution) 
( 1957) U. S.A. Gypsum Yes Cotton 30kgS/ha Field Trial 

* "Apparen~" Recovery, ** Actual. Recovery, n.d. not determined, n. s. not stated. 
- ._- ---



72 

recovered is the va~ing S requirements of different plant species. Krunp

rath et al (1957) showed that with similar S application rates and on the 

same soil, cotton plants absorbed more fertilizer S than tobacco. Dry 

matter production of cotton was almost 5 times that of tobacco. 

The pattern of fertilizer S recovery from app;t.ications of either 

'sup erphosphate or gypsum would be expected to be high initially then 

declining with time. The results of Jordan and Baker (1959), Weir 

et ale (1963) and Jones et ale (1970) support this viewpoint. 

Recovery of fertilizer S in plant root systems has not been 

measured in the field. It has been suggested that, in pastures,' half 

the amount of fertilizer S recovered in plant tops is also incorporated 

into root systems (Walker and Adams, 1358b). They assumed that the S 

concentration in roots and tops was similar with a top: root dry matter 

weight ratio of 2:1. Since that time, few investigations have reported 

the S concentration in pasture plant tops rela.tive to roots. Nicolson 

(1970), in a gJ,asshollse trial with: white Clover" found S concentrations 

in roots and tops were similar under S deficient conditions whilst with 

adequate S, roots had a higher S concentration than the tops. The evi

dence from gl~shouse studies suggests that.top:root weight ratios may 

to some extent depend on the S status of the plants. Spencer'(1959) 

showed in a pot experiment with white clover, that as S deficiency 

increased, the root system formed a proportionally larger weight of the 

plant. Jones and Robinson (1970) with lucerne also found that in S 

deficient plants, root S comprised 5a.fc of the total plant S compared with 

10.% in non~deficient plants. This was due not only to differences in 
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top:root ratios but also to differing S concentrations in the root and 

tops. 

Clearly, fertilizer S recovery by plant ro.ot systems will be 

variable. Sulphur status of the plant is important but other factors 

such as plant species, grazing or cu-t;ting frequency will also be of 

significance particularly in relation to top:root ratios (Troughton,1957; 

Evans, 1973). 

(ii) "Residual" Recovery: Both 'actual and" apparent" recovery 

methods are used to evaluate "residual" recovery of fertilizer S. 

Frequently, 'besidual" effects ef S fertilizer applications are assessed 

by yield rather than nutrient uptake. 

The limited experiments determining "residual" recovery are shovm in 

TABLE 2. Mest experiments were cenducted in the absence of a treatment 

where S applications were continued. Plant S concentrations showed that 

" " in many studies residual recevery was evaluated possibly under S deficient 

conditions. Furthermore all experiments were located on sites which had 

received no. previous fertilizer additions. "Residual" recevery of 

fertilizer S applied to soils, which regularly received fertilizer, 

appear to. be unknown. 

The experiments as listed in TABLE 2, along with trials assessing 

yield only (Hilder, 1954; Spencer, 1963; Fox et al., 1964) show gener-

ally that gypsum and superphosphate have less residual value than elemental 

S. This would be expected en the basis ef the more rapid solubility of 



Investigators Country 

Walker and N.Z. 
Adams (1958b) 

Jones et ale u. S.A. 
( 1970) 

Jordan and Can. 
Barker (1959) 

Weir et ale 
e 1963) Aust. 

Williams 
et al. (1964) U. S.A. 

* "Apparent" Recovery 
** Actual Recovery 

TABLE 2 

"Residual" Recovery of Fertilizer Sulphur 

(a) M:ixed Pasture 

Fertilizer S Response Recovery (% of Applied) 
Form 

1 st yr. 2nd yr. 3rd yr. 4th yr. 

Gypsum Yes 30 8 10 2 
15 9 7 3 

Gypsum Yes 11 6 2 
Elemental S 11 14 6 

(b) Single Species 

Gypsum Yes 22 29 22 
Elemental S 10 14 9 

Gypsum Yes 18 1 1 
Elemental S 13 7 3 

Elemental S Yes 0.3 4.0 _ 0.5 
Gypsum 1.3 4.0 0.5 

Application Comments 

Total 
Rate 

50* 20kgS/ha Field trial 
34 40kgS/ha 

19* 45kgS/ha Field trial 
31 45kgS/ha 

72** 30kgS/ha Lucerne· 
31 Field trial 

19* 30~-gS/ha Whi te clover 
23 Field trial 

5* 60kgS/ha Rose clover 
6 60kgS/ha Field trial 



gypsum. There are exceptions. For instance, where yield is used as 

the criteria of "residual" effects, gypsum was shown to be superior 
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to elemental S in lucerne under New Zealand dry land conditions (Martin 

and Walker, 1966). Although not assessed, it was presumed that oxidation 

of elemental S was restricted. Despite these differences, "residual"S 

recove~ is generally only 10-20,10 of that applied where both forms of 

fertilizer were assessed at the same site. 

The mechanisms by which the residual effects of fertilizer S 

occur in soil-plant systems have not been fUlly investigated. Where 

superphosphate or gypsum fertilizers are used,"residual"effects would 

be expected to arise through mineralization of recently incorporated 

fertilizer S within the organic soil fraction (i.e. plant and microbial 

residues); plant utilization of SUlphate ions (especially adsorbed) 

originally derived from fertilizer and physically redistributed in the 

soil profile; remobilization of stored S in roots and stubble. -and 

dissolution from undissolved f'ertilizer particles. 

Because the overall fate of fertilizer S is often urucnown at 

experimental sites, the extent the above mechanisms contribute to 

'~esidual' effects is difficult to establish •. Their relative importance 

is likely to vary from site to site and year to year. The recent glass

house experiment of Freney et ale (1975) shoVis clearly that recently 

incorporated S in organic matter ma1{.es a contribution to the "residual" 

effect. The extent is likely to depend largely on the amount of fertilizer 

S incorporated into recently added organic matter. 
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Overall, the available evidence shows that in soil-plant systems 

the recovery of fertilizer S ("initial" plus "residual") is unlikely to 

exceed 50% of the applied S over five years. More commonly, it would 

appear to be less than 30% of the applied S. 

The extent of recovery, noted for pasture-soil systems, m~ be 

higher under grazing as much of the ingested plant sulphur is recycled 

in dung and urine. However, in the short term (1-3 years) large areas 

of a grazed pasture will not receive dung and urine (Durin'g, .1972). 

and the S recovery pattern for these areas is likely to be similar to 

that from soil-plant systems evaluated in the absence of the animal. 

(b) Total RecoveEY. Few studies have attempted to determine 

total recovery of fertilizer S added to soil-plant systems. Generally, 

high recoveries have been reported in glasshouse studies. For example, 

Freney and Spencer (1960), recovered almost 90% of the added fertilizer 

s. In a recent glasshouse study, ~rene'y et ale (1975) obtained almost 

completelrecovery of S35-labelled fertilizer S' incorporated into a soil-

plant system. In this nine month investigation, soil recovery amounted 

to 60% of total S recovery. 

It can be calculated in the field study of May .et a~. (1968), 

that after 215 days, 50% of the applied S (17 kgS/ha) was recovered in 

the soil (assuming a soil bulk density of 1 g Icc). However, on these 

ungrazed sites, plant recovery was not assessed. 
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During and Cooper (1974), attempted to determine the recoveF~ 

of fertilizer S in a field study in New Zea19nd. Three years after the 

application of 168 kgS/ha as gypsum to a highly S retentive soil, the 

"apparent" total recovery was 77%. The variability associated with 

this recovery figure could not be assessed. Moreover, recovery of S in 

the soil was confined only to an estimate of that in the phosphate dis

placeable fraction. Fertilizer S incorporated into the organic fraction 

was urucnown but assumed to represent the remaining 23% of the unrecovered 

S. 

In the Australian studies, investigating S cycling in soil-plant

animal systems, total recovery was not assessed. However from Till and 

May's (1971) data, in a grazed pasture trial, calculation at Day 220 

shows that only 3Q% of the applied S was located in the first 20 cm of 

the topsoil. As leaching beyond 20 cm was considered not to have occurred, 

the remaining fertilizer S must have been cycling in the animal and plant 

components of the system. 

Clearly, there is a lack of adequate investigations into the fate 

of fertilizer S under field conditions. The field studies reviewed only 

assess a proportion of known pathw~s involved when fertilizer S is 

added to soils. It is more difficult to determine the recovery of 

fertilizers in the soil component of soil-plant systems compared with 

the plant component. To detect differences, without isotopes, much 

larger amounts of fertilize~ than used in practice, must be added to the 

soil. 
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(4) USE OF SULPHUR-35 RADIOISOTOPES. 

As mentioned earlier, relatively few studies,have investigated 

the fate of S35-labelled fertilizer added to soils. Although the half 

life (87 days) of S35 is suitable for the purposes of experimentation, 

difficulties were experienced initially in the measurement of' the 

low-energy beta emissions of S35 isotopes (0.156 MeV). In addition, 
, 

the separate analytical determination of S content was time consuming. 

The advent of improved liquid scintillation counting in the mid 1960's, 

improved both minimum detection levels, accuracy and speed of S35 

measurement. The introduction has led to the development of new analyt-

ical techniques where both radioactivity and S concentration were 

determined on the same extract from soil and plant sfu~ples. The 

technique used by Blair and Crofts (1969) i-s a good example. 

Although the number of investigations with S35 have been few, 

many processes associated with the fate of fertilizer S have been 

studied individually. There are some important exceptions, For instance, 

" .. " f t f d' tIt d th 1 f pr~mQng ef ec 13, ee ~ng zones of pas ure pans an e re ease 0 

fertilizer S incorporated into plant residues have not been investigated 

under field conditions. 

Initially, S35 studies were confined to processes associated 

with the plant component in agricultural systems (i.e. recove~). With 

time, their use expanded into studies associated with the soil component 



(i. e. leaching) followed by the classical Australian studies of S 

cycling in soil-plant-animal systems (May et ~., 1968; Till and May, 

1970a; Till and May, 1970b; Till and May, 1971). 
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When radioisotopes are used in any investigation, they should 

investigate problems unable to be solved successfully by conventional 

techniques. It is therefore surprising that so few studies have been 

conducted into the S feeding zone' of plants, which can only be measured 

by tracer techniques. There would appear to be no major difficulties 

in meeting the criteria (Fried and Broeshart, 1967; Newbould, 1969) for 

this type of study, viz: 

(1) The labelled element should be rapidly taken up by the plant and 

translocated to the shoots. 

(2) Carrier-free isotopes must be used in order to maintain the existing 

plant available level of the nutrient at the point of injection. The 

S feeding zone studies of Bentley et ale (1955) for lucerne and Pawluk 

'and Bentley (1964).for cropS' failed to meet this-requirement. 

(3) The tracer 'must equilibrate in a constant manner with the available 

nutrients in the soil, at all injection sites. 

(4) An allowance must be made for variations between soil depths in the 

quantities of available nutrients with which the tracer can equili

brate. 

(5) Sites of injection mu~t be random relative to root distribution. 

(6) Injection should not alter the pattern of uptake by causing mechanical 

injury to plants. 

(7) Labelled nutrient must remain at the injection site. 



Unless large quantities of fertilizer S are added to the soil, 

it is normally too difficult to assess the fate of fertilizer S by 

comparing S levels in treated and untreated plots. The use of S35_ 

labelled fertilizer appears the only al ternati vee 

(5) CONCLUSIONS. 

A large number of inter-related processes are associated with 
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the fate of fertilizer S applied fo soils. Not all these processes have 

been reviewed, but sufficient evidence has been presented to show that 

most studies have been generally restricted to only one of the many 

processes associated with the fate of fertilizer S. In turn, this 

has led to postulations into the possible S loss mechanisms from agri

cultural systems. Often fertilizer use is adjusted accordingly. Whilst 

postulations into loss mechanisms are necessary, they are not a satis-

factory substitute for measured data. To improve efficient use of 

fertilizer S, the measurement of as many processes as possible is 

required at a trial site. 

Clearly, most studies into the fate of fertilizer S have been 

confined to its recove~ by plants. No doubt a reflection of the ease 

of measurement. 

The lack of literature confirms that it is more difficult to 

assess the fate of fertilizer S in the soil component of agricultural 

systems. Yet the majority of the applied S is located within the soil 



component. A greater number of field studies, investigating the 

processes associated with the fate of ~ertilizer S within soils, is 

required to assist in both interpreting plant S response patterns and 

improving methods of S fertilizer use. 
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CHAPTER III 

FIELD EXPERIMENTS WITH StJLPHUR 35-LA.BELLED 
GYFSUI\o1: FERTILIZER (FIRST SERIES, 1971-73) 

1. INTRODUCTION 

The overall objective of these experiments was to investigate 

82 

the fate of fertilizer sulphur applied to several soil-pasture systems 

in Canterbury, New Zealand. 

At each trial, specific objectives were to assess: 

(1) Pasture responses to fertilizer S applications. 

(2) Recove~ of fertilizer S in soil and pasture. 

(3) Movement and distribution of fertilizer S in the soil. 

(4) Transformations of fertilizer S in the soil. 

(5) The size of the S cycling pool. 

(6) The relative significance of some soil and plant processes 

af£'ecting the fate of fertilizer· S. 



2. MATERIALS AND METHODS. 

( 1) SITE SELECTION. 

In the early spring (1971), seven field t rial SITES' were 

selected in Canterbury, New Zealand. 

General requirements for the selection of SITES are listed in 

the following order of importance, viz: 
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(1) SITES should include variations in a number of factors likely to 

influence the fate of fertilizer S in soil-pasture systems. Such 

factors as rainfall, soil texture-,_ stage of pasture improvement, 

available soil sulphur status, S retention capacity were considered 

to be of major importance. 

(2) Soils at each SITE should be free draining and suitable for frequent 

soil sampling. 

(3) Improved SITES to have been topdressed with superphosphate at the 

recommended rates. SITES topdressed within the previous six months 

were not considered. 

(4) A "sequence" approach to the selection of sites should be adhered to. 

The major features of the selected SITES are outlined in TABLE 3. 

Figure 1 indicates the location of each SITE. APPENDIX I contains 

detailed soil profile descriptions of each SITE. APPIDfDIX II lists some 

chemical ahd physical properties of the soil at each SITE. 

On a broad basis, SITE selection enabled several factors 

affecting the fate of fertilizer S, to be studied individually, viz: 



TABLE 3 

Field Trial SITE Characteristics 

SITE New Zealand Soil Soil Type Annual Present Superphosphate Topdressing Histo~ 
Group Common Name Rainfall Vegetation Amounts and Time of Application 

mm Frequency 

-- I Recent - from Paparua 500-600 3 year old Infrequent up to 1968. Autumn or Spring 
alluvium - sandy loam pasture Regularly since at 100-
some loess 200kg/ha/ annum 

II Recent - from Kowai 1000-1100 3 year old Regular last 29 years Aut.umn or SpriI).g 
loess aeolian sandy loam pasture at 1 00-200kg/ha/ annum 

---" 

"III Ix Recent - from Kowai 1000-1100 Untopdressed Never topdressed 
loess aeolian sandy loam 30-40 yr old 

pasture 

J:.l Yellow br:own Gorge silt 1000-1100 3 yf old Regular last 20 years Autumn or Spring 
earth loam pasture 200kg/ha/ annum 

V Yellow brown Gorge silt 1000-1100 Untopdressed Never topdressed 
earth loam 30-40 yr old 

pasture 

VI Steepland yellow Hurunui 1000-1100 Improved short Regular last 20-:yrs Spring 
brovvn earth steepland tussock grass- 100-200kg/h~annum 

stony silt land 
loam 

VII High country Craigie- 750-1000 Unimproved Never topdressed 
yellow brown burn fine short 
earth sandy loam tussock 

grassland co 
.f"" 
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Variable Factor SITE Comparisons 

Rainfall I versus II 

Stage of improvement II " III 
IV " V 

Soil group 

improved SITES II versus IV versus VI 

unimproved SITES III " V " VII 

Sulphur retention II " IV 

and 
soil texture III " V 

Soil Water Holding II " VI 

Capacity 

The soils selected are representative of major agricultural soil 

groups in the South Island of New Zealand. Figure 2 shows the topographic 

relationship of the soils in the Canterbu~ district. 

Soil Bureau Bulletin (1968) maps show, on a soil set basis, the 

general distribution of the South Island soils. A representative soil 

profile for each soil set is also described. More detailed mapping and 

soil profile des criptions of the Gorge, Kowai and Paparua soils in the 

Canterbu~ district are described in Soil Bureau Bulletin (1967). 

(a) Craigieburn Soils. Soils in the Craigieburn soil set (3000 ha) 

are included within the hygrous upland and high count~ yellow brown earth 

subgroup of the yellow brown earth soil group. These soils are confined 
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Figure 2. Topographic Position of Soils in Canterbury 
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to terrace lands and fans and occupy a small, but important, percentage 

of the total subgroup area. Mostly distributed as patches of land 

scattered through the high country valleys, these soils are of major 

importance in the high bount~. Their successful 'pastoral development 

reduces grazing pressure on adjacent unstable steeplands which is 

increasingly being managed for watershed protection. 

Areas containing these soils are subject to cold winters with 

some snow. Growing season is normally short with rainfall unreliable 

and drought common in d~ basins. The soils, when bared, are subject to 

frost heave and wind erosion. Increased productivity is achieved by 

introducing clovers and imppoved grass species along with fertilizer 

(normally by aerial oversowing). 

Major nutrient deficiencies are S, P and molybdenum: (Mo). Some 

soils, within the soil set, also show good lime responses. 

In general, soils within the Craigieburn soil set have developed 

from short tussock grassland and are free draining. Soil textures, within 

the set, range from silt loarns to sandy loarns. Parent material is mainly 

greywacke loess over gravels but may be alluvial in some places. Topo

graphy is co~only flat to undulating within an altitudinal range of 

500-900 metres. Annual rainfall varies widely from 800-1500 mm. 

The variability in soil forming factors will create a considerable 

range in soil units within the Craigieburn soil set (Griffiths, pers. comm.). 
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The Craigieburn soil unit used in the present investigation, 

differs in soil texture from the representative profile described for 

the Craigieburn soil set in Soil Bureau Bulletin (1968). Its sandy 

texture is a result of the close proximity of the trial SITE to an 

adjacent river from which coarse windblown and alluvial soil particles 

are derived (Griffiths, pers. comm.). 

Annual rainfall at SITE VII is approximately 900-1000 mm 

indicating that the soil variant lies within the drier soils of Craigie

burn soil set. 

(b) Hurunui Soils. Soils within the Hurunui soil set (32,000 ha) 

are mainly steepland soils within the yellow brown earth soil groups. 

The soil set, included within· the bygrous ·.lowland yellow brown earth 

subgroup, is widely distributed through the South Island. As well as 

occurring in Canterbu~, this soil set is found as far north as Blenheim 

and as far south as Oamaru. Typically these soils are found on the steep 

stable landscape units flanking the downlands and high fan areas. 

Although predominantly used for extensive grazing they have considerable 

potential for further agricultural and forest~ development. 

Parent material is diverse and derived from graywacke, argillite 

and low-grade schist. Physical form ranges from shattered rock to 

weathered colluvium with some patches of loess. The parent material m~ 

v~ markedly in depth and degree of weathering, texture and degree of 

consolidation. 
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Current native vegetation is short tussock with scrub and forest 

(mainly beech but some podocarp/broad.~l.eaf :in gullies). Previous vege

tation was forest dominantly beech in Marlborough and north and mid

Canterbury. Podocarp broad-leaf forest becoming dominant in South 

Canterbury (MOllO;! pers. comm.). Rem'oval of this forest cover occurred 

mainly during Polynesian fires 500-1000 years ago (Molloy, pers.comm.). 

Angle of slope s range from 18
0 _35 0 

with a wide altitudinal range 

150-915 metres. Within this steepla~d zone, Hurunui soils are mapped on 

all aspects but do not extend as high in altitude on shady faces as on 

sunny faces (Gibbs et al., 1945). 

The soils are exposed to cold winters and mild summers. Rainfall 

varies from 700-1100 mm per year with the adva..~tage of a relatively even 

distribution. Much summer cloud and fog exists with consequent low evap

oration. 

Cuff (1973) reviewed the morphological and chemical features of 

soils within his soil set and concluded that much variation was evident, 

a conclusion earlier reached by Gregg (1970), and based on the variability 

of the soil forming factors. Tonkin (pers. comm.) considers that there 

may be at least five major variants included within the mapped soil set. 

Responses to S, P,'MQ, and_lime have been measured in clover 

establishment trials on soils within this soil set (Gregg, 1970; Cuff, 

1973). 
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The trial SITE used in the present investigation differs from 

the soil set representative profile in Soil Bureau Bulletin (1968). 

The major difference appears to be in subsoil colour and texture, a 

possible reflection of a more weathered profile (Griffiths, pers.corom.). 

Nevertheless, the soil unit is typical of known soil variants within the 

Hurunui soil set. 

( c) Gorge Soils. The Gorge soil set (500 ha) is included in the 

hygrous~~wl~d_yellow brown earth subgroup. This soil set, confined to 

high altitude (300-500 metres) terrace lands and fans flanking Hurunui 

steepland soils, is small in area but represemtative of a large South 

Island soil subgroup. 

These free draining soils were formed under short tussock 

grassland on a parent material of greywacke loess over greywacke gravels 

and moraine. 

Rainfall is approximately 1000-1200 ~~ and evenly distributed. 

Sulphur, lime, Mo and P responses have been recorded. The small 

area of soils in this soil set and relative uniformity of the soil 

forming factors suggest that the mapped soil set would be relatively 

uniform in morphological characteristics. The Gorge soil SITES used in 

these investigations are similar to representative profiles listed in 

both Soil Bureau Bulletin (1967) and Soil Bureau Bulletin (1968). 



(d) Kowai Soils. Soils in the Kowai soil set (1000 ha) are 

included wi thin the recent soil group. The soi.l forming factors are 

very similar to the Gorge soils but Kowai soils are located nearer to 

the Rakaia River and are constantly rejuvenated by accumulating aeolian 

loess. Variations in distance from the river confer textural differences 

on members of the soil set (Ives, pers. comm). Soils within the set and 

closer to the river (and normally on lower terraces) are more sandy in 

texture than those on the higher inland terraces. 

These soils are much younger than the Gorge soils and this is 

reflected in their morphology and chemical characteristics. The major 

nutrient deficiency is S with little response to P or Mo. 
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The Kowai soils used in the present investigation (SITES II and III) 

have similar morphology to those Kowai soil profile descriptions listed 

in Soil Bureau Bulletin (1967) and Soil Bureau Bulletin (1968). 

(e) Paparua Soils. Paparua soils are included in the widespread 

Eyre-Paparua soil set (10,000 ha) within the Recent soil group. 

These free draining soils are derived from greywacke alluvium but 

some have a thin discontinuous covering of l'oass. 

The soil set is confined to low terraces with textures va~ing 

widely from silt loam to sto~y sandy loarns. These characteristics, 



along with a shallow depth, place major limitations on the productivity 

of these soils, which are used for semi-intensive dryland farming. 

Major nutrient deficiencies are S, P and Mo. The soil used in 

the present investigation (SITE I) has a morphological description 

similar to the soil type (Paparua sandy loam) described in Soil Bureau 

Bulletin (1967). 

(2) TRIAL DESIGN .AND OPERATION (1911). 

At each SITE, four rates of S (0,11.25,22.50,45.00 kgS/ha) 

corresponding to treatments SO, S1, S2, S3 were applied to mainplots 

in a completely randomized block l~out of three replicates. The maxi

mum rate (45 kgS/ha) chosen was determined from the results of recent, 

,but unpublished, trials conducted by the Ministry of Agriculture and 

Fisheries in the general area of this study. 
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A square metre subplot was located in the centre of eaeh main plot 

(3 m x 3 ~) at SITES I - V (Figure 3a). At "tihe two tussock grassla'1.d SITES 

(VI and VII) the main plots (4 m x 4 m) were divided into four equal areas 

(Figure 3b). Within each area two subplots (quarter metre square) were 

located between the tussocks. 

(a) Trial Site PreEaration. Prior to topdressing, all trial SITES 

were either mown or clipped with hand shears (SITES VI and VII). Unim

proved SITES III and V were tri~~ed to within 1-2 em of the ground surface 



(a) SITES I-V 
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~(---mainplot 

(b) SITES VI and VlI 
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Figure 3. Location of Subplot within the Mainplot. 
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to reduce competitive effects from browntop (Agrostis tenuis). The 

remaining SITES were trimmed to a height of 2.5-3.0 cm above the 

ground surface. 
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All unimproved SITES (N, V and VII) were overs-own with innocu

lated white clover (Trifolium repens) seeds at the rate of 8 kg/ha. 

(b) Fertilizer Application. On 9/9/71 at SITES I-V and on 31/9/71 

at SITE VII agricul turhl gypsum (caS0
4 

2H
2
0), obtained from Ruakur~ 

Agricultural Research Centre, was spread by hand on each of the mainplot 

treatments (S1,S2 and S3) with the exception of each subplot, which was 

covered with a Pinex board (PLATE 1). Covers were then removed from the 

subplot areas of treatments S1 and S2 and agricultural gypsum was 

applied evenly by hand at the mainplot rate. 

For the S1, S2 and S3 treatments at 'SITES VI and VII all subplots 

were covered during the mainplot topdressing. Subsequently, the eight 

subplots of S1 and S2 treatments and four subplots of the S3 treatment 

were topdressed by hand at similar rates as the mainplots, but more 

evenly than on the remainder of the mainplot. 

(i) Application of Radioactive Gypsum: Radioactive gypsum was 

obtained from the Tennessee Valley Authority (T.V.A.) of the United States 

of America and applied to SITES I - VI on 10/9/71 and at SITE VII on 

1/10/71. The radioactive gypsum was applied to each subplot of the S3 

treatment of SITES I - V at a similar rate (45 kgS/ha) as the non-labelled 



Covering of Subplot Prior to Mainplot Topdressing with 
PLATE 1 Non-Labelled Gypsum Fertilizer . 

Application of Sulphur 35- Labelled Gypsum Fertilizer 
PLATE 2 to a 0 . 25 m2 Quadrat within the Subplot of the S3 

Treatment Mainplot . 
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gypsum applied to the remainder of the mainplot. To obtain uniform 

coverage of radioactive gypsumJeach subplot was divided (PLATE 2) 

into four equal areas (quarter metre ~quare). The radioactive gypsum 
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was placed in small glass bottles, with perforated lids, and sprinkled as 

evenly as possible on each quadrat 

At SITES VI and VII, on the S3 treatment, one of the two sub

plots from each quarter of the mainplot (see Figure 3b) was randomly 

selected and similarly topdressed with radioactive gypsum. The remaining 

subplots were topdressed with non-radioactive gypsum as described earlier. 

In order to prevent wind removal, the radioactive gypsum was 

dampened with a small quantity of water from a watering can at SITES 

II - VII. The amount of radioactivity applied at SITES I - VI on Day 0 

(10/9/71) was 8.1 milli-curies (mc) per m
2 

or 4030 disintegrations per 

minute per microgramme of sulphur (4030 d.p.m./pg S). At SITE VII the 
2 . 

radioactivity applied at Day 0 (1/10/71) was 7.5 mc/m (3740 d.p.m./pg S). 

(ii) Basal Topdressing: At all trial SITES, except SITE VII, a. 

basal topdressing of calcium monophosphate was applied at the rate of 

20 kgP/ha. At SITE VII the rate of application was 40 kgP!ha. All SITES 

received a topdressing of sodium molybdate applied at the rate of 175 g/ha. 

At SITE IV potassium chloride was applied (100 kg/ha) as a basal 

topdressing after every second harvest. 
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(0) Herbage Sampling for Yield Determination. Both "above ground" 

and "below ground" herbage yield measurements were made. 

(i) "Above Ground" Herbage (Pasture): At SITES I - V three mown 

strips (Figure 4- (a,b,c)) were removed from the mainplot of treatments 

SO, S1 and S2 at each herbage sampling. Mown herbage was subsampled for 

d~ matter determinations. 

On the mainplot of treatment S3, only two mown strips (Figure 5 

(a,o)) were removed. The subplot of the S3 mainplot (i.e. the area 

containing the radioactive gypsum) was harvested separately by hand 

clippers to the same height above ground as the adjacent mown strip~ 

and weighed separately from the mown strips. Both the mown and clipped 

herbage from the S3 treatment were subsampled for d~ matter determination •. 

Total pasture yield on the S3 treatment was computed from the combined 

yield of the mown strips and clipped area. 

Almost similar areas were harvested on SO, S1 and S2 mainplots 

(2.7 m
2

) compared with the S3 mainplot (2.6 m
2
). 

Prior to the sampling of pasture yield from each SITE, approxi-

mately ten "pluck" samples were harvested with hand clippers from each 

mainplot and bulked for dissection into grasses,. clover and weeds. 



mainplot 

subplot 

Figure 40 Position of Mowing strips on the Mainplots at 

SITES I-V (1971-72)0 
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At SITES VI and VII the eight subplots, .within each mainplot of 

SO, S1 and S2 (Figure 3b) were harvested by hand clippers, bulked for , . 
yield determination and subsampled for dry matter and dissection analyses. 

On the S3 mainplot, pasture on the four subplots not receiving radioactive 

gypsum, were bulked and weighed separately. The pasture was subsampled 

for dissection and dry matter analyses. To compute S3 treatment yield, 

data from the two groups of subplots were used. The pasture sampling 

technique at all SITES thus allowed for yield determination of each main-

plot treatment in addition to simultaneously obtaining a yield estimation 

on the radioactive treated areas of each S3 treatment. 

Grazing animals were excluded from all SITES over the duration of 

the trial and except for SITES VI and VII all mainplot pasture growth was 

removed at each harvest. 

It was planned to harvest herbage from each SITE before pasture 

growth exceeded 10 cm. This was not always practical and at unimproved 

SITES this sampling height was often exceeded to prevent detrimental 

effects to long term yield. Mowing height above the .soil surface was 

approximately 3.0 cm. 

(ii) "Below Ground" Herbage (Roots): At SITES II - V" root core 

samples were taken from the SO and S3 mainpJ:ots at the first and final 

autumn soil sampling. At each harvest one core was taken from inside the 

subplot and four cores from the outside of the subplot but confined to an 

2 area equal to the subplot area (1 m ). These latter samples were used to 

compute the weight of roots in the subplot. Each root core (4.3 cm dia

meter) was subdivided into two depths, 0-15 cm and 15-30 cm. Each root 
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core was washed free of soil by jetting tap water on to the sample placed 

over a nest of sie.ves ranging from 2 mm - 250}lID. The root core removed 

from the subp~ot was jetted in a similar manner but with distilled water. 

No attempt was m~e to separate grass or clover roots or livi~g from 

dead roots. Root samples were oven-dried at 60
0
C and weighed. 

(d) Herbage C'~lleQ;tion For Nutrieri-£ AliaJ..yses. Prior to harvesting 

of the "above ground" herbage of SITES I - V, hand clipped" grab" samples 

were taken from each subplot. Similarly, herbage samples from SITES VI and 

VII subplots were collected for nutrient analyses. All samples were 

dissected into grasses, clovers and weeds. Initially, samples were 

"freeze dried" and ground in a "Wiley Mill" to pass a 500)lID sieve. Lack 

of available space for "freeze drying" after four months necessitated 

oven-drying of dissected herbage at 600C. 

At some soil sampling times, herbage yield determinations were 

not made. However, herbage was collected for nutrient analyses, by 

". grab" sampling the subplots of treatments SO and 83. 

Roots extracted from the subplot core sample were prepared for 

chemical analyses in a manner similar to that of the" above ground" 

herbage. 



(e) Soil Sampling. For all sites, soil sampling was confined to 

the evenly topdressed subplots of the SO and S3 treatments. Sampling 

was carried out at the time of each herbage yield sampling and at 

variable intervals between herbage samplings. 
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At SITES I - V, four soil cores (2.5 em dia.) were taken from the 

SO and S3 subplots. At the first sampling each core was divided into 

six depths (0.5 em, 5-10 em, 10-15 em, 15-30 em, 30-45 em, 45-60 em). In 

the subsequent samplings of the S3 subplot/the 15-30 em depth was subdiv

ided into two depths (15-22.5 em, 22.5-30 em). 

At SITES VI a~d VII soil sampling was only practical to a depth 

of 45 em. At the first sampling of SITE VI, five sampling depths were 

chosen (0.5 em, 5-10 em, 10-15 em, 15-30 em, 30-45 em). Subsequently 

samples were ta~en from six depths with the 15-30 em depth divided as at 

SITES I - V. 

At SITE VII, seven depths were sampled (0.5 em, 5-10 em, 10-15 em, 

15-22.5 em, 22.5-30 em, 30-37.5 em, 37.5-45 em) on the S3 treatment. On 

treatment SO, the 15-30 em depth was not subdivided. 

Soil samples collected from each subplot were bulked, on a 

similar depth basis, placed in polythene bags and frozen at -SoC. In 

collecting soil samples from the S3 treatment subplot (containing radio

active gypsum) it was neeessa~ to remove any observable surface soil 

eontamirlation. If contamination was evident, a thin veneer of soil was 

removed from the core sample with a pen knife. 



(d) Chemical Analyses of Soil Samples. The following chemical 

analyses were carried out: 

Adsorbed plus water soluble sulphate or phosphate 

extraotable sulphur 

Total sulphur 

Radioactive sulphur analyses 

Percentage sulphur retention 

pH 

Total carbon 

Total nitrogen 

All analyses were done in duplicate. 
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(i) Adsorbed Plus Water Soluble Sulphate (SO~-S (p.e.)): Barrow's 

(1967a) analytical technique was used to determine adsorbed plus water 

soluble sulphate in soil samples collected from the SO and S3 treatments. 

Frozen (_5 0C) soil samples were partially thawed and passed through a 2 mm 

sieve. Twenty grarns of moist soil was shaken overnight with 100 ml of 

calcium dihydrogen phosphate (Ca (H2P0
4

) 2 solution (500 )lgP/ml) at 

pH 4.5). A small quantity of toluene was also added. After shaking 

overnight, the soil and solution was centrifuged at 3000 rpm and the 

supernatant liquid was filtered twice through No. 42 Whatman papers. 

A suitable size aliquot was evaporated to d~ess in a Johnson and Nishita 

digestion tube and the sulphur content was determined by the technique of 

Johnson and Nishita (1952) as modified by Dean (1966). The modified 

Dean's (1966) technique involved collection of H2S in sodium hydroxide 

(1M) instead of zinc acetate as in the Johnson and Nishita technique. 

Sulphur content was then determined colorimetrically upon addition of 



bismuth nitrate to the sodium hydroxide extract. Standard curves 

(1-200 pgS) were prepared with each batch of analyses from a stock 

solution (1000 pgS/ml) prepared from AR K2So
4

• A Unispec spectro

photometer on U.V. selection (400 mu) and slit width 14 was used to 

measure the sulphur content. 

(ii)Total Sulphur: The totaJ. S content of each soil sample from 

the S3 treatment was determined by the ignition method (Steinbergs et ale 

1962). Soil, passed through the 2 mm sieve but not used for the deter-

mination of adsorbed plus water soluble sulphate, was ai~dried and a 

subsample ground by hand to pass a 150 pm sieve. Half a gram of soil 

was mixed with 0.25 g of fusion mixture (sodium bicarbonate and silver 

oxide) and ignited in a muffle furnace for three hours at 550oC. The 

soil sample was then placed in a Johnson and Nishita digestion flask and 

total sulphur determined in a manner similar to that for adsorbed plus 

soluble SUlphate. 

(iii) Radioactive Sulphur Analyses: The method of Blair and 

Crofts (1969) was used to assess th~ S35 content of all soil samples 

from the S3 treatment. Essentially the method consists of extracting 

1 ml of the Dean's (1966) receiving solution (NaOH + H
2

S) and adding 

to 15 ml of liquid scintillation counting solution (100 g napthalene, 

5.0 g 2,5-diphenoxazole, 200 ml methanol and 800 ml 1.4 dioxane). 

Counting vials were stored in darkness for 24 hours to eliminate the 

effect of chemiluminescence. Vials were then counted in a Packard 

tricarb liquid scintillation counter at a gain setting of 12.5% with A 



and B discriminator channel openings set at 10-1000. Initially, 

counting time per sample was ten minutes. Toward the end of the 

experiment counting time per sample was increasedto fifty minutes. 

Counting efficiency (approximately 45%) was determined by two 

methods. 

(1) Spiking vials, containing S35, with C14-labelled Hexadecane 

;a secondary:s.tandard (Buekley, 1971). 

as 

(2) A radioactive S solution (1000 pgS/ml) was made up from the radio

active gypsum (supplied by T.V.A.) oflmown specific activity and 

chemical composition. The solution was used both as a standard for 

S determinations and also to determine counting efficiency at the 

same time. Good agreement was obtained between the two techniques. 

In time, method (2) was ~iscarded as reduced radioactivity intro

duced considerable errors. 

Two modifications to Blair and. Crofts' (1969).techn±que were 

made. It was found that initially when 1 ml of NaOH extract from total 
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S determination was placed in cou.l1ting vials a cloudy solution resulted. 

This eventually cleared leaving a white deposit (precipitate) at the base 

of the vial. This effect was also observed-by Blair and Crofts (1969) 

on samples of high S content. They considered that counting efficiency 

was .~maffected. In the present study a reduction in counting efficiency 

was measured in counting vials, with the deposit, when counting was 

delayed further thah the normal 24 hours. If the Jorulson and Nishata 

diges·Uon flasks were flushed with nitrogen gas prior to connection 
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for digestion, the white deposit can be prevented and normal counting 

efficiency maintained after 24 hours. It appeared as though the CO2 

evolved from the reaction of the NaBC0
3 

and reducing solution was being 

absorbed by the NaOH in the receiving solution. No comparable effect 

was observed when 835 was determined in soil samples with phosphate 

solution. 

A further modification involved the size of the NaOH aliquot 

used for counting. With time, the reduction in radioactivity necessit-

ated investigations into increasing the amount of radioactivity per 

extract. The addition of 2 ml of receiving solutiolJl (NaOH + H28) to 

15 ml of scintillation solution reduced the counting efficiency by only 

5%, whilst increasing counts per extract two-fold. This modification 

was adopted after the third sampling. 

The main advantage of the method of Blair and Crofts (1969) is 

that one digestive procedure can be used for both quantitative 8 deter

minations and 835 countings. Radioactivity was measured in counts per 

minute, corrected for counting efficiency and corrected,. by the use of 

decay tables, to the application day (Day 0). The specific activity of 

8 in all samples was expressed as disintegrations per minute per micro

gramme of 8, (~.p.m./pg8). Conversion steps are shown in more detail 

(APPENDJX X, TABLE 1). 

As the specific activity of the gypsum applied to all sites at 

Day ° is known, the amount of 8 derived from fertilizer can be calou-



· 107 

lated in any sample in which the S35 content is measured. Sulphur 

derived from fertilizer is considered as labelled S (LS) in contrast to 

non-labelled S (NLS). 

(iv) Sulphur Retention: Apart from the method of S determination) 

S retention was measured by the technique used at Ruakura Agricultural 

Research Centre. For each SITE, two 10 g samples of air-dry soil «2 mm) 

were weighed into 100 ml shaking bottles. To one sample, 50 ml of 

O.01M CaC1
2 

are added. To the other soil sample, 50 ml of a 50 pgS/ml 

solution were added. Samples are shaken overnight then placed in a centri-

fuge at 3500 rpm with the supernatant filtered through two No.42 Whatman 

papers. The S content of the extracts is determined by the Dean's (1966) 

technique as described previously. The difference in S between the two 

extracts is termed residual S. 

%lc! R t t· Added S - Residual S 100 
~ e en ~on = Added S x --1-

Duplicate analyses were carried out. 

(v) .p£!: This was determined with a Radiometer (Type 23) glass 

electrode pH meter, using a soil:water ratio of 1:2.5. Samples were 

left overnight to equilibrate before reading. 

(vi) Total Carbon (C): This was deter~ned by the method of 

Walkley and Black (1934). In this method C is only partially oxidized. 



To obtain total orga~ic C the results obtained by this procedure are 

increased by multiplication with a factor of 1.3. 

(vii) Total Nitrogen (N): Determined by the semi micro-kjeldahl 

procedure as modified by Goh (1972). 

($) Determination of Soil Physical Properties. The following 

physical determinations were carried out at each SITE. 

Bulk density 

Soil texture 

Soil moisture 

Soil temperature 

Water percolation. 
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(i) Bulk Density: At all SITES, except SITE VI, a motorized soil 

auger (Department of Soil Science) was used to determine soil bulk 

density and volume weight of each sampling depth. Four cores (5 cm 

diameter) were drilled from the surround area of each trial SITE. The 

core samples were separated into depths used for chemical analyses and 

each depth was air~dried, gently crushed and passed through a 2 mm sieve. 

Material .(2 mm and.,.2 mm was separately weighed and a subsample of-<:: 2 mm 

soil material was used for oven-dry determination of moisture content. 

At the stony SITE VI, bulk density and volume weight was determined 

on soil samples excavated at 10 cm depth intervals from a measured area 



109 

normally 20 cm x 20 cm). Because of the soil variability of this SITE, 

two pits were excavated on each SO mainplot. Results from two replicates 

were similar but on one repliG.ate, Ii smallen qU3n.tity of stones was 

present. 

Bulk density and volume weight from all SITES were calculated 

for each sample depth as follows: 

Bulk Density (glcc) = 
weight (g) of-< 2 mm weight (g) of >2 mm fraction 
fraction + (stones and roots) 

volume of sample area (6d) 

weight (g) of<2 mm fraction 
Volume-weight of<2 nun fraction (glcc) = -------------

volume of sample area (cc) 

At SITE VI mean values are given for each replicate. 

In the calculation of soil nutrient lev~ls for each SITE the mean 

volume-weight (<'2 nun) values were used. At SITE VI mean volume-weight 

values for each replicate were used. 

(iii) Soil Texture: Soil texture was determined on soil samples 

collected for bulk density determination. Where several sampling depths 

occurred in one horizon, samples were bulked for soil texture determination. 
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The hydrometer method as described by Day (1965) was used to measure 

soil texture. 

(iii) Soil Moisture: The moisture content of each soil sample 

collected over the trial duration was calculated on an oven-dry basis. 

o Samples were oven-dried at 105 C. Separate samples were collected fro~ 

each trial to determine wilting point and field capacity by the pressure 

plate method (McDonald, 1961). Wilting point was taken as the moisture 

content when the soil was at equilibrium with a tension of 15 atmospheres 

(pF 4.2) and field capacity at a tension of 0.2 atmospheres (PF 2.3). 

Changes in soil moisture content over time (15 cm depth intervals) 

at each SITE are shown in APPENDIX X Figure 1. 

(iv) Soil Temperature: Soil temperature, at 5 cm, was auto-

matically recorded on SITES II and IV. Equipment was installed on 

1/12/71. Mean 5 day temperatures (minimum and maximum) for SITES II and 

IV are shown in APPENDIX X Figure 2. 

(v) Water Percolation: The water balance technique of Coulter 

(1973b) was used to make an indirect assessment of soil water percolation 

at each SITE. In Coulter's (loc.cit.) water balance model, analyses of 

daily rainfall data gave an approximate assessment of deficiencies in 

the stored soil moisture available to vegetation and also an indication 

of the surplus after providing for transpiration and evapotraitsp~rat±im. 

This surplus water is subject to both surface runoff and deep percolation. 
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In his analyses water input was taken as a sequence of measured daily 

rainfall data at each of his stations. The evaporative demand of veget

ation was taken as an average potential evapotranspiration (PE) value for 

the month in question. PE was determined by Thornthwaite's formula. 

As long as water was available (either as soil moisture or as rainfall 

on the d~) evapotranspiration (AE) was assumed to continue at the full 

potential rate. When soil moisture a~d rainfall are insufficient to 

meet the demand the amount by which the available water falls short (as 

calculated) is taken as a measure of water deficiency (DE) or irrigation 

requirement. 

The water balance model assumed an arbitra~ soil moisture 

capacity of 75 mID. Each day's rainfall (RR) was allocated towards the 

day's water need (PE). Any remainder replaced soil moisture previously 

withdrawn from storage (DS) and then provided a surplus (RO) for water 

percolation or surface runoff. Daily values of "actual" evapotrans

piration (AE), surplus (RO) and water deficiepcy (DE) are given by the 

following relations. 

AE = RR + S - DS if (RR + S - DS) ~ PE. 

= PE if " >. PE 

RO = RR - PE - DS if (RR - FE - DS)"/ 0 

= 0 if " E: 0 

DE = PE -AE 

Writing DS (n) for the current value of the amount of soil moisture 

withdrawn from storage and DS (n+1) for the new value for the next d~'s 
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calculations, then 

DS (n+1) = DS n + AE - RR if O~(DS n + AE - RR)~S 

= 0 if (DS n + AE - RR)~ 0 

= S if " " " ;;- S 

The balance is carried fo~vard from day today, so long as the series of 

daily rainfall values is complete, commencing either with a day~when soil 

moisture is fully withdrawn (DS = S) after a long d~ spell, 0r with a d~ 

when soil moisture withdrawal is nil (DS = 0) after a wet period. 

In this present study, three modifications were made to the water 

balance method of Coulter (1973b). 

Firstly, the Penman (1963) formula for computing PE was used 

instead of the Thornthwaite (1948) formula. Coulter (pers.comm.) 

considered the Penman formula to be more realistic in the area under 

present investigation. Meteorological data from two stations were used 

to compute PE ona monthly basis. PE was computed for September 1971-

August 1972 from the Highbank Power Station meteorological station (see 

Figure 1) and represented PE at SITES II - VII. PE computed for the 

same time period at the Lincoln College meteorological station was used 

for SITE 1. Monthly PE for these SITES is presented in APPEl~DIX IX TABLE 1. 

Secondly, AE was adjusted in relation to the extent of withdrawal 

from soil water storage in a similar manner to Slatyer (1960). AE was 

considered to continue at full PE rate until one third of soil moisture 
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storage was withdrruvn. AE then continued at two thirds PE rate until 

one third of soil water storage remained, when AE continued at one third 

soil moisture storage until all availabJe moisture ,was used. 

Thirdly, soil storage capacity at each SITE was calculated from 

field capacity and wilting point measurements of indiv~dual soil depths. 

Uptake of water by pl~~ts was assumed to take place to the depth of soil 

sampling at each SITE. Calculated maximum available water storage at 

each SrrE 'is shown in APPENDIX IX. TABLES 3 - 6. 

Daily rainfall was measured at SITES I, IV and VI. SITE V was 

located only 400 m from SITE IV and rainfall was considered similar. 

Weekly raiIifall was determined at SITE II (200 m from SITE III). The 

high correlation with SITE r~ weekly rainfall (r = 0.94) suggested that 

SITE IV daily rainfall would be similar at SIT3; II. Hence, daily rainf'all 

at SITE IV was used to calculate water budgets at SITES II, III and V. 

The isolated location of SITE VII prevented daily or weekly records, and 

rainfall was measured at each soil sampling. The amounts of rainf' all , 

between samplings, related closely to rainfall over similar time periods 

at the nearby Lake Coleridge meteorological station (see Figure 1). Hence., 

this station's daily rainfall was used to compute a water balance at SITE 

VII. 

Rainfall readings for SITES I, II, IV, VI, VII and Lake Coleridge 

are presented in APPEl'TDIlC IX" TABLES 2 - 6. 

At all SITES, surface runoff was assumed not to occur and calcu

lated RO was considered to represent the amount of water percolating 
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through the soil profile beyond the maximum sampling depth. Amounts of 

RO are presented in APPENDIXlX for SITES I, Dl, VI and VII: 

At all SITES, water balance was determined only for the first 

year of this experiment. 

(f) Chemical Analyses of Herbage. Total S was determined on 

samples from SO and S3 treatments. Herbage from the S3 treatment were 

35 analysed for S content. Total S and S35 content were analysed in a 

similar manner to soil samples. 

At selected harvests both C and N were determined, on herbage 

from 80 and 83 treatments, by methods used for soil samples. 

(3) TRIAL DESIGN AND OPERATION (1972). 

The 1971~72 trials were contLDuedwith modifications. The main aims 

in extending these trials for a further year were to: 

(a) Assess the residual effects of fertilizer S, applied in 1971, in the 

presence and absence of retopdressing in 1972-73. 

(b) To determine when the fertilizer 8 added in 1971 had reacbed an equil-

ibrium in each soil-plant system. 

On 23/8/72 at all SITES, treatments S1, S2 and 83 were topdressed 

with agricultural gypsum at the original application rates. Each main--

plot was divided into two equal halves (Figure 5) and one half was 
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(a) SITES I-V 

. subplot 
.; 

...:-. , 
mainplot 

(b) SITES vr and VlI 

0 
0 

0 0 
~mainplot 

0 0 
subplot .. " 1'1 

0 

Figure 50 Original Mainplots, at SITES 1-V and SITES VI and VII, Sub-

divided for Retopdressing o 



randomly selected and retopdressed. As the subplots of SITES I - V are 

situated centrally within the mainplots (Figure 5a), one half of each 

subplot was also retopdressed. On the S3 mainplot however, the retop

dressed half of the subplot was covered during mainplot topdressing. 

Later it was topdressed separately to obtain a uniform coverage. 
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At SITES VI and VII, each mainplot of treatments S1, S2 and'S3 

was divided into two equal halves with each half containing four of 

the original subplots (Figure 5b). Agricultural gypsum was applied 

randomly to one half at a similar rate to the original applications. 

During this operation,. on the retopdressed S3 mainplot, the two subplots 

containing S35 were covered and later topdressed separately as at 

SITES I - V. 

At all SITES, the retopdressed treatments are referred to as S1+, 

S2+ and S3+. The non-retopdressed treatments are referred to as S1-, 

S2- and S3-. 

Basal topdressings were si¢ilar to those applied in 1971, except 

that at SITE VII a reduced amount of calciu£? monophosphate (20 kgP/ha) 

was used. Potash (KCL) was also applied to SITES II, III and V prior 

to commencement of growth in 1972 and subsequently after every second 

harvest. The rate used was 50 kgK/ha. 

SITES I - V, one movm strip was harvested and weighed from each treatment 



(see strips a and c, Figure 4). Prior to harvesting herbage, each 

treatment was subsampled for dissection and d~ matter analyses as in 

1971-72. On the subplot of the original S3 treatment, herbage was 

harvested separately from the retopdressed (+) and non-retopdressed (-) 

areas. A subsample was taken from each area for d~ matter and herbage 

dissection. 

At SITES VI and VII subplots were harvested from all treatments 

with those subplots on the S3+ and S3- treatments, which received S3~ 

gypsum, again being sampled separately. 

Soil sampling was restricted to 0-5, 5-10, 10-15 em soil depths 

at all SITES on the SO subplots. On the S3 subplots both the retopdressed 

(S3+) and non-retopdressed (S3-) portions were similarly soil sampled. 

(b) Herbage, Soil Chemical and Physical Analyses. Total S was 

determined on all herbage samples from the SO treatment and S3+ and S3-

treatments. SUlphur-35 content was also determined on herbage from the 

S3+ and S3- treatments. Methods of analyses were similar to those used 

in 1971-72. 

On soil sample~ only adsorbed plus water soluble S was measured 

on treatments SO, S3+ and S3-. Sulphur_35 content of the soil samples 

from the 83+ and 83- treatments was determined in a similar manner as in 

1971-72. 

The above soil samples were also analysed for moisture content. 
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3. RESULTS AND DISCUSSION. 

( 1) PASTURE RESPONSES TO SULPHUR APPLICATION. 

Response patterns for d~ matter yields (total pasture and clover) 

during 1971-72 and 1972-73 are presented in TABLES 4 - 9. 

D~ matter yields (total pasture and clover) for each treatment 

at each harvest in 1971-72 are shovm in APPENDIX III along with their 

statistical analyses (analyses of variance). 

Second year (1972-73) yield data are presented in APPENDIX IV. 

Data from each harvest were-analysed by a split plot analysis of 

variance. The inclusion of two control plots per replicate as a subplot 

treatment did not permit a valid statistical analysis of either the sub

plot treatment (retopdressing versus no retopdressing) or the inter

action between subplot treatments _and mainplot treatments. To overcome 

the difficulty of subplot treatment analyses, A!rnold (pers. COIDID.) 

suggested a separate statistical analysis of the subplot treatments on 

only those mainplot treatments receiving su~phur. The main effect of re

topdressing at each SITE is sho~n in TABLE 8. Results from statistical 

analyses of 1972-73 yield data are also sho~n in APPENDIX IV. 

Overall, five of the seven trial SITES gave significant responses 

to application of fertilizer S over the growing seasons of the two years 

studied. 
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(a) Sulphur Responses at Unimproved SITES. Of the three unimproved 

SITES (III, V and VII) only SITE V (Go~ge 'silt loam) showed a significant 

S response (up to 22.5 kgS/ha) in total dry matter production during the 

first year (TABLE 4). Over the same period, total clover yielQ data 

showed S responses at both SITE II (Kowai sandy loam) and SITE V (TABLE 5). 

No measurable pasture growth occurred at SITE VII (Craigieburn sandy loam) 

and is therefore not shown in TAE,LES 4 and 5. 

In the second year (1972-73), significant S responses were 

recorded in total pasture and total clover d~ matter pro~uction at all 

unimproved SITES (TABLES 6 and 7). Significant main effect responses, 

due to retopdressing of the plots which were originally topdressed in 

1971, were also recorded at all unimproved SITES (TABLE Ba). TABLE 9 

shows at which rate a retopdressing response occurred. At the highest 

rate of the initial application (S3-)~y SITE VII showed a significant 

response to retopdressing. At SITE V, retopd.ressing of the orig:i..nal 

S3 treatment almost produced a 5% significant response. PLATES 3 and 4 

show responses to the reapplication of S at SITES III and V. 

On the whole,the overall S response at the unimproved SITES in 
I 

the 1971-72 and 1972-73 periods is consistent with the trial results 

recorded by others (e.g. Walker and Adams, 195Bb and Lobb and 

Bennetts, 195B) in the same general area, although these workers applied 

S only in the first year of their trials. 

Difference in the magnitude of S response and the time required 

for S response to develop at different unimproved SITES (TABLES 4 and 6) 



PLATE 3 
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Sulphur Response at SITE III (unimproved Kowai sandy Loam) in 
the Spring 1972. Foreground S3 (45 . 0kgS/ha) Treatment, 
Non-retopdressed (S3-) on left, retopdressed (S3+) on right. 
Centre SO (Control) Treatment. 

Sulphur Retopdressing Response on the S2(22 . 5kgs/ha) Treatment 
PLATE 4 at SITE V (unimproved Gorge silt loam) in the Spring 1972 . 

Non-Retopdressed (S3-) on left. Retopdressed (S3+) on right. 
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TABLE 4 

Mean Total Pasture Dry Matter Yields (kg/ha) at SITES I -VI (1971-72) 

SITE I II III 

Total Number 
of Harvests 2 4 2 

Tre((tment S) 0 
. Control 2522 6967 4850 

. -..... 
I .~ '" ' 

Treatment S1 2645 7714 5951 
( 11 .25kgS/ha) 

Tre atment S2 2112 7983 6099 
(22.5kgS/ha) 

Treatment S3 2083 8445 5679 
(45.0kgS/ha) 

. +F .3,6calculated 1.57 6.27** 1 .11 

L.S.D. 5% 

L.S.D. 1% 

FC.V. % 16.8 

+ F
3

,6 required ** (1%)=9.78 

* (5%)=4.76 

855 

1291 

5.5 

L.S.D. Least Signific&~t Difference. 

C.V. Coefficient of Variation. 

16.2 

IV V VI 

5 3 3 

9089 4072 3882 

9365 5692 4468 

9045 6885 3923 

9195 6810 4823 

0 • .34 16.84** 2.27 

1110 

1676 

5.1 9.5 12.2 
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TABLE 2 

Mean Total Clover Dry Matter Yields (kg/ha) at SITES I - VI (1971-72) 

SITE I 

Total Number 
of Harvests 2 

Trettment S3 Control 725 

Treatment S1 1034 
(1'1.25kgS/ha) 

Treatment S2 952 
(22.5kgS/ha) 

Treatment S3 725 
(45.0kgS/ha) 

+ 
F 3,6 calculated 0.78 

L.S.D. 5% 

L.S.D. 1% 

C.V. % 28.2 

+ F 3,6 required ** (1%) =9.78 

* (5%)=4.76 

II 

4 

2574 

3061 

3449 

3971 

2.52 

19.6 

L.S.D. Least Significant Difference. 

C.V. Coefficient of Variation 

III V VI 

2 5 3 3 

18 3241 644 1036 
" 

79 3716 1789 1567 

147 3463 3455 1030 

507 3627 3319 1556 

23.3** 0.40 . 63.6* 3.47 

158 581 

237 877 

41.9 16.2 12.6 21.9 
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TABLE 6 

Mean Total Pasture Dry Matter Yields (kg/ha) at SITES I - VII (1972-73). 

SITE I II III IV V VI VII. 

Total Number 2 4 3 ·6 3 3 2 
of' Harve st s 

+ Treatment SO 3313 4321· 4153 8530 4332 3221 205 
(Control) 

Treatment S1 3536 4720 6981 9883 6021 4339 807 
( 11 • 25kgS/ha) 

Treatment S2 3640 5449 7251 9417 7557 4327 718 
(22.5kgS/ha) 

Treatment S3 3426 5652 8783 8986 7521 4168 1092 
(45. Ok gS/h a) 

++F 
3,6 

calculated 0.59 4.9* 13.3** 4.1 17.2** 8.1* 15.3** 

L. S.D.· 5% 1091 1834 1274 650 327 

L.S.D. 1% 1655 2777 1930 985 497 

c.v. % 12.9 15.1 19.1 7.6 14.2 11.5 32.0 

+ Mainplot treatments i.e. S3 (45.0kgS/ha in 1971-72 plus 45.0kgS/ha on 
half'the original mainplot in 1972-73). 

++ F 6 required ** (1~ = 9.78 
3, 

* (5~ = 4.76 

L.S.D. Least Signif'icant Dif'f'erence. 

C.V. Coefficient of'Variation 
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TABLE 7 

Mean Total Clover Dry Matter Yields (kg/ha) at SITES I - VII (1972-73). 

SITE I II III IV V VI VII 

Total Number 2 4 3 6" 3 3 2 
of Harvests 

Treatment SO 1149 713 178 3113 2060 618 8 
( Control) 

Treatment S1 1253 1545 2365 4095 3479 1453 584 
( 11 • 25kgS/ha) 

Treatment S2 1120 2051 2518 3904 4515 1408 445 
( 22.5kgS/ha) 

Treatment S3 1104 2172 4656 3586 4418 1570 783 
(45.0 kgS/ha) 

++F calculated 
3,6 

0.1 8.2* 30.8** 1.26 12.4** 9.3* 26.9** 

L.S.D. 5% 

L. S.D. 1% 

C.V. % 40.8 

802 

1214 

35.0 

1141 

1728 

33.2 25.5 

1119 

1695 

21.9 

493 

747 

27.7 

219 

333 

34.0 

+ Mainplot treatments i.e. S3 (45.0kgS/h'a in 1971-72 plus 45.0kgS/ha 
to half the plot in 1972-73). 

++ F
3
,6 required ** (1~ = 9.78 

* (5) ~ 4.76 

L.S.D. Least Significant Difference. 
C.V. Coefficient of Variation. 



TABLE 8 

Main Effect of Retopdressing on Total Pasture (T.P.) and Total Clover 

(T.C.) D~ Matter Yields (kg/ha) at SITES I - VII (1972-73) 

SITE 

Treatment 
Ret opdre s sed 

Non-
retopdressed 

L.S.D. 5% 

L. S.D. 1% 

(a) Unimproved SITES 

III _V .- .-VII 
T.P. T.C. T.P. T.C. T.P. T.C. 

8119 3848 7829 5156 1269 952 

7224 2510 6237 3120 475 256 

701 739 555 618 147 135 

1020 1075 808 899 214 499 
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C.V. % 21 .3 28.0 8.0 15.7 19.2 27.2 

(b) Improved SITES 

SITE I II IV VI 
- _. T.P. T.C. T.P. T.C. T.P. T.C. T.P. T.C. 

Treatment 
Retop- 3528 2503 6122 2498 9767 3998 4588 1650 
dressed 

N on':" ret op 3540 2517 4624 1346 . 9090 3725 3970 1304 
dressed 

L.S.D. 5% 580 322 504 251 

L.S.D. 1% 845 483 734 366 

C.V. % 1 2.0 22 .1 1 0 • 4 11 • 5 7.9 7.8 11.5 18.3 

L.S.D. Least Significant Difference. 

C.V. Coefficient of Variation. 
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TABLE 9 

Mean Dry Matter Yields (kg,/ha) of Total Pasture and Clover from Non

Retopdressed (S-) and Retopdressed (S+) Treatments. (1972-73) 

+ 

Treatment SITE I SITE II 
Pasture Clover Pasture Clover 

S- S+ S- 8+ S- S+ S- S+ 

S1 
(11.25kgS/ha) 3489 3582 2512 2590 3800 5639** 881 2209** 

S2 
(22.5kgS/ha) 3835 341+6 2803 2539 4895 6602** 1342 2759** 

S3 
(45.0kgS/ha) 3296 3557 2235 2381 5177 6126** 1817 2527* 

L.S.D. 5% 502 574 
L.S.D. 1% 731 836 

C.V. % 12.0 22.1 10.4 18.8 

~reatment -SITE III SITE IV 
Pasture Clover Pasture Clover 

S- 8+ S- S+ S- 8+ S- S+ 

S1 
(11.25kgS/ha) 6065 7897** 1004 3726** 9454 10313 3957 -4232 
S2 
(22.5kgS/ha) 6623 7879* 1656 3379* 9481 9353 3908 3901 

S3 
( 45.0kgS/ha) 8984 8581 4873 41+38 8336 9635 3311 3861 

L.S.D. 5% 1212 1279 

L. S.D. 1% 1764 1861 

C.V. % 9.5 28.0 7.9 7.8 

+ Refers to the significance of the difference between S- and 8+ at each 
rate of topdressing. Where the difference is significant this is 
denoted by an asterisk *(5~ **(1~. 

L.S.D. Least Significant Difference. 

C.V. Coefficient of Variation. 
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TABLE 9 Continued 

Treatment SITE V SrrE VI 
Pasture Clover Pasture Clover 

S- S+ S- S+ S- S+ S- S+ 

81 
( 11 • 25kgS/ha) 4692 7350** 2275 4683** 4036 4641 1257 1648* 

S2 
( 22.5kgS/ha) 6930 8184** 4009 5022 3869 4786* 1206 1609 

S3 
(45.0kgS/ha) 7088 7954 3075 5762** 4006 4329 1449 1691 

L.S.D. 5% 961 1069 872 435 
L. S.D. 1% 1398 1556 1269 634 
C.V. % 8.0 15.7 11.5 18.3 

Treatment SITE VII 
Pasture Clover 

S- SI- S- S+ 

S1 
( 11 .25kgS/ha) 347 1'267** 104- 1064** 

S2 
(22.5kgS/ha) . 320 1113** 129 761** , 

S3 
(45.0kgS/ha) 757 1427** 535 1032** 

L.S.D. 5% 259 233 
L. S.D. 1% 371 339 
C.V. 1% 19.2 26.0 



~re in part related to the environmental and management influences 

which operated at ea.ch trial. For example, at SITE III (Kowai sandy 

loam) clover establishment was satisfacto~, but initially the 

resident grasses, mainly browntop (Agrostis tenuis), dominated the 

128 

sward composition. After the first harvest, in which no clover yield 

was recorded, the competitive effect of browntop was reduced and clovers 

made good growth on the S2 and S3 treatments. However, total yield 

for the whole period of first year was dominated by the first harvest, 

which did not show a significant S response (APPENDIX III, TABLE 3). 

At SITE V, the establishment of oversov.n clovers was slow. 

Much of the initial and variable responses to ~ application (APPENDIX 

III, TABLE 5) were from the resident ·clovers at this SITE. In time, 

plot growth became more uniform with the oversown white clover making 

a greater contribution. 

No harvests were taken from SITE VII, in the first year. The 

initially oversbwn clover germinated but failed to establish. As soil 

moisture status was adequate at this time (see APPENDIX X Figure 1 g) it 

is concluded that an inoculation failure resulted. Reseeding~ with 

heavily inoculated clover seed, was carried 'out in late October. Subse

quent moisture conditions prevented seed germination. 

(b) S ResRonses at Improved SITES. Of the four improved SITES 

(I, II, IV and VI) only SITE· II (Kowai . sandy loam) gave a significarit 



response toS application in the first year, (TABLE 4). Total clover 

production in the first year showed no significant S responses at any 

of the improved SITES (TABLE 5) although at SITE II there was evidence 

of an increasing response to increasing rates of S application. 
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In the second year (TABLES 6 and 7), SITES I and IV remained 

non-S responsive but SITE VI responded significantly to a reappLioa~ion 

of S on only the original S~ (22.5 kgS/ha) treatment (TABLE 9). However 

in this year, SITE VI may have been aerially topdressed accidently as 

particles of superphosphate were present on the trial area in early 

spring. SITE II continued to show a significant S response with a 

large response to retopdressing at all the original S application rates. 

Maximum reapplication response was obtained at 22.5 kgS/ha (TABLE 9). 

The lack of a S response at SITES I and IV over the entire trial 

period (18 months) was unexpected. The soils at these SITES have a: low 

S retention capacity in the topsoil; they had not received superphosphate 

for two years and their respective pastures were relatively young. All 

these factors would be expected to predispose toward the occurrence of 

a S response. 

Some aspects involved in assessing S responses at the trial SITES 

are discussed in the following section. 



(c) Sulphur Responses in Relation to Indices of Sulphur Status. 

The percentage relative sulphur response (%R.S.R.) was determined for 

both clover and total pasture at all SITES for each year and related 

to some soil and plant indices commonly used to assess S status 

(APPENDIX X, TABLE 2). 

% R.S.R. = 
S3 - SO 100 

S3" X 1 
, (" 

, 1/.' 

where in the first year S3 = dry matter yield from S3 treatment 

SO = dry matter yield from SO treatment 

and in the second year S3 = dry matter yield on the retopdressed 

S3 treatment (S3+) 

SO = dry matter yield on the non-retopdressed 

S3 treatment (S3-) 
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The soil indices used were SOh-S (p. e.), measured on a weight to weight 

and also a volume-weight basis, in the 0-5, 0-10, 0-15, 0-30 and 0-.45 em 

depths. These were determined for the SO treatment at Day 0 (DO) and the S3 

treatment at D350 prior to theretopdressi:ng. 

Plant indices used were percentage S in clovers and grass from the 

SO treatment at the first harvest in the first year, and from the S3-

treatment at the first harvest in the second year. In ac}dition "A" 

values (see CHAPTER II, 1. (5) ) were determined from the first harvest 

data of each trial SITE in the first year. The "A" values were related 

only to the first year % R.S.R. However, for the other S status indices 

mentioned above, the results from first and second year were combined 

for statistical analyses. 



Of the S status indices, only S concentration in clovers and 

grasses gave significant negative linear correlations (TABLE 10) with 
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% R.S.R. (total pasture). These correlations are not particularly 

strong as they account for only 35% and 21% respectively of the observed 

response effect. When only clover yield was considered, % S in clovers 

showed a stronger correlation with % R.S.R. as the regression equation 

accounts for 62% of the observations. 

The "A" value showed a significant positive lineJ correlation 

with" R. S. R. (total pasture). This is unrealistic as increasing 

available levels of a particular nutrient in the soil are associated 

normally with a decreasing response to the nutrient in question. Hence 

it would appear that the conditions for satisfactory "A" value deter

mination in the field had not been met (see CF~ER II 1. (5) ). A 

further reason for this anomaly may be due to the differences, between 

SITES, in the time of the first harvest. 

Commonly, soil S indices (to a depth of 7.5 - 10 cm) are related 

to the probability of correctly assessing S responsive and non-responsive 

field situations. This is considered for SITES in the present investi

gation. Sulphate-S (p.e.) values in the upper 0-10 cm of the soil 

profile were used. Data as presented in TABLE 11 show that if 6 ?g 

S04-S/g is compared with 10 pg S04-S/g as the critical level, a large 

improvement in the prediction of non-S responsive trials was obtained. 

These critical levels were derived from mean values at each SITE 

(APPENDIX VIII) prior to the commencement of each trial. However, the 



TABLE 10 

Relationship Between the Percentage Relative Response to Sulphur 
Applications for Total Pasture (Yt) and Clover (Yc) D~ Matter 
Yields and Indices of Soil and Plant Sulphur status (X). 
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Soil and Linear Regression Coefficient Coefficient Level of 
Plant Equation of Deter- of Correl- Signifi-
S Status mination ation cance 
Indices R2 r 

% S in 
*** clovers Yt = 73.8470 - 42.9711 X 0.36 - 0.60 

% S in 
** grasses Yt = 47.4062 - 19.5159 X 0.21 - 0.46 

"A" value 
(kgS/ha) Yt=-15.5105 + 0.4524 X 0.53 0.73 *** 
% S in 

*** clovers Yc= 145.7975 - 83.0646 X 0.62 -.0.79 

** highly significant (1%) 

*** very highly significant ( 0.1%) 
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TABLE 11 

Percentage Correct Prediction of Sulphur Responsive+ and Non-Sulphur 
Responsive SITES, in Relation to Mean Sulphate Sulphur (p.e.) Levels 
in the Soil (0-10 cm). 

Critical Level 
S04-S (p.e.) 

(pg/ g) 

10 

8 

6" 

% Correct Predic"tion 
Non-S Responsive Sulphur Responsive 

SITES ++ SITES +++ 

33 

33 

83 

86 

86 
71 

+ Includes only significant S yield responses assessed by either clovers 
or total pasture yield. 

++ Number of Non-S responsive SITES = 6. 

+++"Number of S responsive SITES = 7. 



usefulness of these critical levels for assessing the S responsive 

nature of these trial SITES is reduced when confidence levels of the 

mean values are considered. At the 90.% probability level large 

confidence intervals exist at many SITES (APPENDIX X, TABLE 2). Hence 

further work needs to be done to establish the reliability of these 

mean values used for critical levels using phosphate extractable 

S04-S• 

Overall, the limited number of plant and soil indices measured 

at trial SITES in this prasent study were relatively unsuccessful in 

assessing both the magnitude and likelihood of the occurrence of S 

responses. However, plant indices appear to be more useful than S 

indices as indicat ors of, S status. 
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Other factors m~ be involved. Certain trial requirements must 

be satisfied if soil and plant S indices for determining S status are 

to be evaluated successfully in the field. A large number of S respon

sive and non-responsive SITES must be present. Trials should be 

measured with sufficient experimental precision to determine a S 

response. Limiting factors such as the pre~ence of insect pests and the 

lack of moisture and essential nutrients must be eliminated or reduced 

to enable maximum plant production to be achieved. The S treatments 

imposed must also fully eValuate the S response pattern at each SITE. 

Some trials in the present study do not meet these criteria. 

Although S responsive and non-responsive trials exist, they are small 
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in number. If the coefficients of variation are considered as an 

estimate of experimental precision, it is evident that much variation 

exists between trials. However, these values are relatively normal 

for soil fertility field trial investigations. At the SITES not showing 

significant S responses the coefficients of variation associated with the 
I 

means of treatments indicate that even the minimum replication used in 

this investigation should have detected yield differences, between means, 

of 10-15%. This suggests that sufficient experimental precision existed 

to detect meaningful responses to S applications. 

There is no doubt that moisture was a limiting factor in both 

years at SITE I and in the second year at SITE VII (APPENDIX X, Figure 1a). 

At SITE II (developed Kowai sandy loam) grass grub infestation 

was evident, especially in the second year of the trial and this influ-

enced both trial variability and pasture yields. 

Nutrient· deficiencies, other than S, are unlikely as all trial 

areas were basal topdressed with nutrients likely to be deficient. 

Additionally, at each SITE a pasture sample from the second harvest of 

the S3 treatment of each year was analysed by Ruakura Agricultural 

Research Centre for all major and minor nutrients. Although plant • 

material was more mature than normal samples, no nutrient deficiencies 

were evident. 

There is some evidence to suggest that at some trial SITES in 

the first year, the S treatments imposed nught have been insufficient 



to evaluate the S response pattern fully. Figure 6 shows SOLI--S (p.e.) 

for the 0-10 cm depth on the SO and S3 treatments of SITES I - VI over 

time. If a soil level of 8 pg/g of S04-S (p.e.) is required to prevent 

S deficiencies, as suggested by Cooper (1968), then only at SITES I and 

IV was the S3 treatment adequate at all harvests. At SITES II, III, V 

and VI the S3 treatment may have been inadequate in meeting the S 

needs of plants for the final harvests in 1971-72. On the other hand, 

there is evidence from the 1972-73 results (TABLE 9), to suggest that 

at least for SITES III, V and VI, the S3 treatment was adequate as no 

retopdressing responses were obtained. However, S responses were 

recorded on the retopdressed treatment of the original S3 treatment at 

srrE II. This suggests that at this SITE, in the previous year, the 

S3 treatment m~ have been inadequate in assessing S responses. 

However, there is some evidence (presented later) to show that losses 

of S04-S (p.e.) may have occurred over the winter period prior to the 

retopdressing of the S3 treatment at SITE II. 

Sulphur concentrations determined in the grasses and clovers of 

the SO and S3 treatments at each SITE, are of little value in assessing 

whether the supply of sulphur in the S3 treatment is adequate for 

maximum plant production. In New Zealand, critical ~ level& for near 

maximum plant production have been assessed at grazing height for white 

clover and ryegrass. The majority of harvests in this present invest-
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igation were at more mature stages of growth. In addition, at most SITES 
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the grass component comprised grass species other than ~egrass and 

the clover component of' mos.t improved pasture trials comprised red 

clover in addition to white clover (APPENDIX I, TABLES 1, 2, 4, and 6). 

The N:S ratios have been suggested by McNaught (1960) as 

139 

criteria for determining the adequacy of sulphur nutrition in more 

mature white clover-~egrass swards. N:S ratios were determined for 

grasses and clovers from selected harvests of each trial (APPENDIX X, 

TABLE 3). Based on McNaught's (1960) criteria, the N: S ratio in grasses 

and clovers at SITE II appear adequate during the first year on the S3 

treatment. However, the use of these ratios is que stioriable as the 

presence of species, other than white clover and ryegrass, will influence 

critical N:S ratios. In fact if the criteria of McNaught (1960) is used, 

many SITES reflect a more inadequate S status than SITE II. 

Clearly then, the bulk of the evidence suggests that in the first 

yea~ at least, the amount of S applied on the S3 treatment was sufficient 

to obtain maximum S response at each SITE. The adequacy of the retop

dressing of the original S3 treatment in the second year cannot be 

evaluated fully as levels of S04-S (p.e.) in the soil were not deter

mined after the second harvest. At this stage the levels in the retop

dressed S3(+) treatment appeared adequate (APPENDIX VIII). 

Two other factors require consideration in interpreting the S 

response pattern at trial SITES. 



Firstly, to determine the mainplot yield on the S3 treatment 

of SITES I - V in the first year, the subplot herbage yields were 

combined with the yield from the two mown strips of the mainplot. On 

SITES II and IV it was noticeable that hand clipping of herbage from 

the subplot reduced subsequent growth, in comparison to the mown area. 

It is suggested that at these SITES handclipping of pasture m~ have 

been closer to the ground surface. This apparent reduction may have 

reduced to some extent the real difference between the S3 and SO 

treatments, especially at SITE II. 
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Secondly, the trial management technique adopted (clippings 

removed and the exclusion of animals) was expected to predispose toward 

sward deterioration (ingress of weeds) at some SITES. Surprisingly, 

there was little evidence of this. Comparison of yields between the 

two years (TABLES 4 and 6) at the maximum application rate, Showed 

increased yields at SITES I, III and V. SITES IV and VI show little 

difference. The reduction in yield at SITE II in 1972-73 was due to 

grass grub infestation. 

On the .improved SITES, SITE IV was ~he only trial where 

noticeable sward changes existed. At this SI1~ in the second year, 

cocksfoot (Dactylis glomerata) surpassed ryegrass as the dominant 

grass species. However, overall plant productivity was little affected. 

On all trials a comparison between the years showed that at similar 

times of the year the percentage clover in the sward was ve~ similar. 



The lack of a marked change in sward composition at most SITES is 

considered to be a reflection of the height of harvesting (3 cm above 

ground level) and adequate basal topdressing. In addition, the pasture 

was not mown immediately prior to winter months. 

(2) RECOVERY OF LABELLED SULPHUR. 

(a) Total RecoveEY from the Pasture-Soil System. Total recove~ 

of S from S35-labelled gypsum fertilizer was assessed from soil and 

herbage measurements made on the S3 treatment subplot of each trial. 

Recovery in the pasture-soil system was calculated at a sampling 

time similar to all SITES i.e. Day 240, approximately. Results, 

presented in TABLE 12, are expressed as a percentage of the amount of 

fertilizer S applied (i. e. 4500 mgS/m
2
). 

Despite an incomplete assessment of losses from each soil-

pasture system, total recoveries 'of fertilizer S are generally high 

at all SITES except SITE VI (Hurunui steepland). Omitting SITE VI, 

the mean SITE total recovery of labelled S in the soil and harvested 

pasture averaged SQ%. When labelled S in plant roots and stubble at 

D 240 was included (SITES II - V), total recovery increased by approx

imately 5% on improved SITES and 10% on unimproved SITES. 

At all SITES the major proportion of total fertilizer recovered 

was located in the soil component of the pasture-soil system. 
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TABLE 12 

Mean Total Recovery (%) of Labelled Sulphur in Pasture-S()il Systems 
at SITES I - VII on DAY 240. 

SITE Soil Pasture +' Total Pasture ++ Total 
( a) (b)' ( a+b) ( c) ( a+c) 

+H-
I 100.3.± 4.6 11.9.± 1.4 112.2.± 3.1 
Paparua 

II 55.5 .± 6.1 22.2.± 3.0 77.7.± 7.2 28.3.± 3.0 83.8 .± 6.8 
Kowai (i) 

III 67.3.± 8.6 6.4.±0.1 73.7 .± 4.9 14.7.± 0.2 82.1 .± 5.1 
Kowai (u) 

IT 57.2 ± 3.2 18.4.± 1.1 75.6 ± 3.1 23.5 ± 0.7 80.7 ± 3.6 
Gorge ( i) 

V 62.1 .± 5.8 7.0.±0.3 69.1 ± 5.6 15.4 ± 0.9 77.5.± 4.9 
Gorge (u) 

VI 21.9 ± 4.1 7.8 ± 0.3 29.7 ± 5.4 
Hurunui 

VII 
Craigieburn 77.4 ±13.3 ... 77.4 ± 13.3 

+ Harvested pastur~ or "above ground" herbage. 

++ Harvested pasture or "above ground" herbage plus roots and stubble. 
+++ Standard error. 

i = Improved 

u = Unimproved 



The low recovery of labelled S at SITE VI may be due to losses 

by leaching (lateral and vertical) and/or ~urface runoff •. These 

losses must have occurred during the first 75 days as no significant 

losses of labelled S occurred between D 75 and D 240 (Figure 14f). 

Water balance data from this trial clearly show (Figure 1Af) that a 

substantial quantity (168 mm) of excess water was available for 

either leaching or surface runoff during the first 75 d~s. The exact 

mode of loss could not be established in this study as soil sampling 

beyond 45 cm was impractical and no measurements were made of surface 

runoff. Some indirect evidence suggests that vertical leaching losses 

may be more important than losses through surface runoff or lateral 

leaching. On D j1S no detectable radioactivity was found in either 

the harvested pasture, or soil sampled to a depth of 45 cm, 15 cm from 

the downhill edge of subplots in one replicate. 

At all other SITES (except SITE I) unaccounted losses, on the 

average, amounted to 2afo. Losses of labelled S by leaching beyond· 
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60 cm are likely at SITES II and III only (i.e. Kowai sandy loam SITES). 

At D 240 one radioactive subplot from SITES I, II, III IV and V was 

sampled a further 15 cm beyond the normal maximum 60 cm sampling depth, 

with a hand auger. Only at SITES II and III was measurable radioactivity 

recorded in the 60-75 cm depth. 

Losses of labelled S by wind removal cannot be discounted at 

SITES II - VI. On the day following the application of S35_labelled 

gypsum fertilizer, severe north-westerly gales were experienced in inland 



Canterbury. Although the applied gypsum fertilizer was dampened by 

water from a watering can, subsequent d~ conditions and high wind 

velocities may have removed a proportion. 

As with SITE VI losses through surface runoff or lateral 

leaching from the radioactive subplots of SITES I - V could have 

occurred. ijence, at all SITES, except SITE VII, pasture and soil 

samples, to normal sampling depth, were taken from within 15 cm of 

the plot border at the second soil sampling. In all cases no detect

able radioactivity was measured. 

Total recove~ could not be assessed in 1972-73 as the radio

activity of soil samples was too low to be measured accurately. 

(b) Pasture Recovery in 1971-72. In the first year, mean recovery 

of labelled S in harvested pasture was generally low (TABLE 13), ranging 

from 6.4% at SITE III to 22.2% at SITE II. Recoveries from improved 

SITES II and IV were almost three times more than those from their 

unimproved counterparts (SITES III and V). This difference, due to 

stage 'of pastoral improvement, was reduced when the labelled S content 

of stubble (TABLE 17) was included with harvested pasture at each SITE. 

In spite of these low recoveries, labelled S formed a significant 

proportion (33-59%) of total S uptake at all SITES (Figure 7a). The 

grass component recovered a greater proportion (75% on the average) of 

labelled S than the clover component. The higher recovery of labelled 

S by grasses at each SITE was a result of the higher grass d~ matter 
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TABLE 13 

Mean Recovery (%) of Labelled Fertilizer Sulphur in Harvested Pasture 
at SITES I - VII in 1971-72, 1972-93. 

SITE 1971-72 

I 11.9±.1.4 ++ 

Paparua 

II 22.2 ±. 3.0 
Kowai (i) 

III 6.4- ±. 0.1 
Kowai (u) 

N 18.4.±. 1.1 
Gorge ( i) 

V 7.0±. 0.3 
Gorge ( u) 

VI 7.8 ±. 1.3 
Hurunui 

VII 
Craigie burn 

+ Non-retopdressed treatment 

++ Standard error 

i:;: Improved 

u = Unimproved 

1972-73+ 1971-73 

6.3 ±. 1.0 18.2 ±. 2.4 

2.6±.0.1 24. 8 .±. 3.0 

11.4±.1.1 17. 8 ±.1.0 

3.4 ±. 0.1 21 .8 ±. 1.1 

4.8 ±. 0.2 11.8 ±. 0.3 

1.9 ±. 0.3 9.7 ±. 1.6 

0.6 + 0.1 0.6 ±. 0.1 
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yield and its generally higher concentration of labelled S (Figure 8) 

at each harvest. Other pasture analyses at each SITE (Figure 8) also 

indicated that the higher concentration of labelled S in grasses at 

each harvest is due to its higher S concentration rather than differ

ences in S specific activity (S.A.). SITE III (Figure 8c) is an 

exception and its results ~e discussed later. 

The pattern of labelled S recovery in the first year at each 

SITE is shown in Figure 9. Variations in sampling times and intervals 

between samplings prevented direct comparison between SITES. A large 

proportion of the labelled S recovered in 1971-72 on improved SITES was 

obtained by the second harvest. Specific activity of the pasture 

components at these SITES (Figure 8a,b,d,f) shows generally a higher 

ratio of labelled to non-~abelled S at these earlier harvests. On 

unimproved SITES, similar amounts of labelled S were recovered at each 

harvest. 

Of partfcular interest is the relative uptake of labelled S in 

roots and pasture by D240 at SITES II, III, IV and V (TABLE 14). A 

large difference existed between unimproved and improved SITES on the 

same soil. On average six times more labelled S was taken up by the 

pasture in comparison to roots on improved SITES. While on unimproved 

SITES, pasture labelled S uptake is only three times greater than that 

taken up by roots. 
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TABLE 14 

Mean Recovery of Labelled Sulphur in Pasture and Root s by DAY 240 
at SITES II - V. 

SITE Pasture + 

--

II 1081++ 

III 482 

IV 907 

V 510 

+ includes stubble 

2 
++ mgS/m 

Ratio 
Roots Pasture: Roots 

( 0-30cm) 
... 

191 5.7 1.0 

186 2.6 1.0 

125 7.3 1.0 

181 2.8 1.0 
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(i) Plant Recove!y of Labelled Sulphur in Relation to Soil 

Uptake Zones: In these field experiments, the soil zones 

from which pasture uptake of labelled sulphur occurs, was not determined 

directly. If i.t is assUI!led (as found by Till and- May 1971) that S04-S 

(p.e.) in the soil is the precursor of plant sulphu~ then the relation

ship between the S.A. of pasture species and the S.A. of S04-S (p.e.) 

at various soil depths in the first year may provide some indication of 

S uptake zones in the soil. 

At all SITES, except SITE III, the S.A. of grass and clover S 

was generally similar (Figure 8). This suggests that clovers and grasses 

were obtaining their S requirements from similar soil zones. Henc~ in 

Figure 10 the mean S.A. of grasses at each SITE for each soil sampling 

is plotted against the mean S.A. of S04-S (p.e.) determined for various 

soil depths. At SITE III, both clover and grass S.A. were plotted 

against the S.A. of soil S04-S (p.e.). The S.A. of S04-S (p.e.) at each 

SITE for various soil depths is shovm in APPENDIX X, TABLE 4. 

At each SITE, regression analyses were calculated (TABLE 15) for 

that soil and pasture S.A. data whose mean values appeared to indicate 

a close visual relationship in Figure 10. For all SITES significant 

linear correlations exist for the regressions at selected soil depths. 

Howeve~ the ability of the regressions to explain pasture S.A. data range 

from 36% at SITE I to 96% at SITE IV. Part of this variation may be 

due to changes in the zones of pasture S uptake over time. Hence,with 

respect to pasture S uptake zones in the soil, only very tentative 

conclusions can be made using both data in Figure 10 and TABLE 15. 
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TABLE 15 

Relationship Between the Specific Activity + (Y) of Sulphur in Grasses 
and the Specific Activity (X) of Soil .. __ ~ Sulphate Sulphur (p .e.) at 
Selected Soil Depths. 

STIE and 
Soil 
Depths (cm) 

I. 0-15 

II. 0-4-5 

0-60 

III. 0-15 

0-30 . 

IV. 0-15 

0-30 

V. 0-15 

0-30 

VI. 0-15 

Linear Regression 
Equation 

Y = -182.2 + 1.04- X 

Y = 612.6 + 0.50 X 

y = 598.2 + 0.55 X 

Y = 826.8 + 0.4-0 X 

Y = 704-.8 + 0.39 X 

Y = 14-7.8 + 0.93 X 

y = 209.4- + 1.26 X 

Y = 61 3. 3 + o. 64- X 

y = 4-4-5.0 + 0.58 X 

Y = 111 .4- + 1.28 X 

Coefficient Coefficient 
of Deter- of 
mination 

R2 

0.36 

0.61 

0.61 

0.59 

0.62 

0.96 

0.72 

0.66 

0.56 

0.64-

Correlation 
r 

0.60 

0.78 

0.78 

0.77 

0.79 

0.98 

0.85 

0.81 

0.75 

0.80 

+ Specific Activity in disintegration/minute/pgS. 

** highly significant (1%) 

very highly significant ( 0.1%) 

Level of 
Signifi
cance 

** 
*l<* 

*l<* 

*** 
*** 
*** 
*** 
*** 

*** 
*** 



At SITE I (Paparua sandy loam) the major S uptake zone is in 

the 0-15 cm depth (A horizon). A deeper zone (0-60 cm) of uptake is 

indicated at SITE II (Kowai sandy loam) whilst at its unimproved 

counterpart (SITE III) grass uptake is related more to the 0-30 cm 

depth (A horizon). 
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Clover uptake (most growth occurring between D133 and D173), is 

not well related to any depths at SITE III. However, if the S.A. of the 

soil S04-S (p.e.) fraction for each soil sampling depth is considered 

(APPENDIX VII, TABLE 10), then the higher S.A. values at the 45-60 cm depth 

relate reasonably well to S.A. in clover. This suggests that white clover 

may be drawing its S requirements from deep down in the profile. 

At SITE IV ( Gorge silt loam) uptake initially occurs in the 0-15 cm 

zone but later harvests suggest that uptake is confined to the upper 30 cm. 

The uptake zone at SITE V (unimproved Gorge silt loam) is confined mainly 

to the 0-30 zone. At SITE VI, _uptake is confined to the 0-15 cm zone (A 

horizon). 

Although there was an inadequate number of harvests at some SITES, 

the overall evidence suggests that the soil zones from which labelled S 

plant uptake was occurring, varied between SITES and may even va~ from 

harvest to harvest, within a SITE. On the two Kowai sandy loam SITES 

(II and III), uptake appeared to occur throughout the entire zone of soil 

sampling. At most other SITES uptake was confined to the upper 15-30 em 

of the soil profile. 
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These variations, in S uptake zones, highlight the difficulty 

of relating S04-S levels in the soil to pasture S responses. The 

pasture uptake zone in early spring may differ from that in the summer 

and autumn. 

Further supporting evidence for variable soil S uptake zones 

between trial SITES is found when the change in soil levels of labelled 

S, after the first harvest and up to and including the final yield 

harvest in the Autumn of 1972, was considered for all SITES in relation 

to uptake of labelled S by pasture plants over the same time period 

(APPENDIX X, TABLE ~). Results in TABLE 16 shoVl that changes in soil 

levels of labelled S to 30 cm gave a significant linear correlation 

with labelled pasture S uptake. However the regr~ssion accounts for 

only 56% of the observations. This increased to 81% when changes in 

labelled S to maximum soil sampling depth are considered. 

Several other factors are likely to affect the relationship 

between changes. in labelled soil S and that taken up by plants. For 

instance, the reduction in radioactivity of soil and plant samples 

towards the end of the first year would have made the detection of 

labelled S levels more difficult, especially in soil samples. 

Additionally, some of the labelled S taken up by plants may be 

from remobilized S in roots and stubble of pasture. Hence,uptake would 

be independent of changes in labelled soil S. 
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TABLE 16 

Relationship Between the Decrease in Labelled Soil Sulphur (Y) and 
Labelled Pasture Sulphur Uptake (X) at SITES I - VI (1971-72). 

Linear Regression Coefficient of Coefficient of' Level of 
ECluation Determination Correlation Signifi-

R2 r oanoe 

Y1 = 608.1 - 3.20 X 0.81 0.90 *** 

Y2 = 164 - 2.04 X 0.56 0.75 ** 

Y1 = Decrease in labelled soil sulphur (mgS/m2) to maximum sampling 
depth. 

Y2 Decrease in labelled 2 = soil sulphur (mgS/m ) to 30 om. 
**lE' very highly significant ( (D.1%) 
** highly significant (1%), 

Mean Amounts of Labelled Sulphur in Roots and Stubble at SITES II - V 
(1971-72) • 

Roots + Stubble 
D48 D240 D48 D240 

SITE 

II 182 ++ 191ns 90 82
ns 

III n'ld. 186 n.d. 192 

IV 141 125
ns 

67 '79
ns 

V n.d. 181 n.d. 195 

ns - non-significant difference between sampling times (T - test). 

+ Roots to 30 om depth. 

n.d. not determined. 

2 
++ mgS/m 
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This latter aspect was examined at SITES II, III, IV and V. 

The extent of labelled S incorporation into root and stubble at SITES 

II, III, Dl and V is shown in TABLE 17 for D48 and D240. At the 

improved SITES (II and Dl) no difference existed between labelled S 

levels at the two sampling times. This suggests, at least for these 

SITES, that no remobilization of labelled S had occurred over this 

large sampling interval. 

Leaching losses of labelled S over the sampling interval could 

also occur. The evidence (Figure 14a-f) indicates that these losses 

would be small for both the 0-30 cm and the 0-60 em soil zone. 

(ii)_ Comparison of Actual and "Apparent" Recovery: The "apparent" 
. 

recovery of labelled S was calculated for each harvest as the difference 

in pasture S uptake between the S3 and SO treatments for each SITE for 

the first year. 35 Actual labelled S recovery was determined from the S 

uptake in the S3 subplot and the mainplot yield. Results for each 

method and for each harvest are pr~sented in APP~~IX X, TABLE 6. 

Mean results from each SITE are presented in TABLE 18, and they 

show no consistent difference between the recoveries as determined by the 

two methods above. Using the first harvest data (TABLE 18), significant 

differences were found between the two methods at only SITES IV and V. 

However1 at SITE Dl, actual recovery was significantly greater than the 

"apparent" recovery method and at SITE V "apparent" recovery of labelled 

S was significantly greater than the actual recovery method. 



TABLE 18 

2 
Actual and "Apparent" Recovery of Labelled Sulphur (mgS/m ) by 
Pasture at SITES I - VI (1971-72). 

(a) First Harvest 

SITE Actual "Apparent" 

I 245 ± 27 165 ± 24 

II 291 ± 46 339 ± 82 

III 169 ± 13 204 ± 16 

IV 245 ± 17 118 ± 17 

V 214 ± 25 365 ± 34 

VI 230 ± 49 210 ± 66 

(b) Combined Harvests 

I 445± 37 328 ± 52 

II 1111 ± 115 1493 ±2:13 

III 286 + 5 344 ± 66 

IV 969 ± 92 453 ± 21 5 

V 378 .±. 10 648 .±. 54-

VI 364.±. 66 322 ±121 

n. a. = not analysed 

n. s. 

** 
* 

= not significant 

highly significant 

significant (5%) 

Level of 
Significance 

(T - test) 

n.s. 

n. s. 

n. s. 

** 

* 
n. s. 

n. s. 

n. s. 

n.a. 

n.a. 

** 
n. s. 
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When all harvest data for 1971-72 vIBre combined for each STIE 

(TABLE 18b), the "apparent" recovery method had larger coefficients 
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of variation (4-1 .1%) associated with mean values than those obtained 

using the actual recovery method(14.6%) especially at STIES IV and VI. 

This was mainly due to later harvests, after the second harvest,giving 

results which show negative recovery of fertilizer S on some replicates. 

Thus when replication is restricted)recovery of fertilizer S could be 

determined more precisely by the actual recovery method. 

The variances associated with the means in SITES III and IV 

were heterogeneous (using Bartlett's Test) and the two methods could not 

be compared statistically when all harvest data for 1971-72 were 

considered. 

The reasons for the significant differences between the two 

methods at SITES IV and V are most likely due to differences in non

labelled S uptake by plants in treatments SO and S3 (TABLE 19). At SITE 

IV, a significant negative "priming"effect was measured at both first 

harvest and· all harvests combined. This effect was due to a lower 

concentration of non-labelled S in the pasture components (Figure 11d) 

of the S3 treatment 1 as compared with the SO treatment) rather than dry 

matter yield differences as no S responses were measured at this SITE 

(TABLE 4). Negative "priming" also occurred at SITE I for both first 

harvest and all harvests combined (TABLE 19). 

On the other hand at STIE V, significant positive"priming' occurred, 

a result mainly due to differences in dry matter yield between SO and S3 



TABLE 19 

The Effect of Fertilizer Sulphur Addition on Pasture Uptake of 
Non-Labelled Sulphur. 

(a) First Harvest 

SITE Treatment 
SO S3 
( Control) (45.0kgS/ha) 

I 178+ 98 

II 197 244 

III 289 323 

Dl 437 306 

V 365 516 

VI 318 298 

(b) Combined Harvests 

I 434 307 

II 856 1237 

III 456 514 

Dl 2329 1822 

V 500 770 

VI 664 622 

+ / 2 mgS m 

n.s. not significant 

** 
* 

highly significant (1~ 

significent (5%) 

Level of 
Significance 
(T-test) 

** 
n. s. 

n. s. 

* .! , 

** 
n. s. 

* 
** 
n. s. 

* 
** 
n. s. 
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Figure 110 Non-Labelled Sulphur Content of Grasses and Clovers 

on the SO (control) and S3 (45.0 kgS/ha) Treatment 

Subplots at SITES I-VI (1971-73). 
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treatments (TABLE 4) rather than differences in non-labelled S con-

" " centration of pasture (Figure 11e). Significant priming also occurred 

when all harvests were combined at SITE II. This effect was a result 

of both an increase in d~ matter yields (TABLE 4) and non-labelled S 

concentration in the grass component (Figure 11b) of the S3 treatment 

in comparison to the SO treatment. 

It is interesting to note that when positive 'priming "occurred 

(SITES II and V), S re sponse s we re me asured in 1971,-72. On the othe r 

hand, when negative "priming' occurred, no S responses were recorded. 

If S04-S (p.e.) levels in the soil are considered as a pre

cursor of plant S, it would be expected that the "priming" effects, 

noted for pasture, would also be reflected in the differences between 

soil levels of non-labelled S04-S (p.e.) in the SO and S3 treatments. 

For all SITES the amounts of non-labelled S04-S (p.e.) on both the SO 

end S3 treatments were calculated to maximum sampling depth at the 

first soil sampling after Day 0 (APPN\rDIX VII). Mean values for each 

SITE are shovvn in TABLE 20. At the first sampling, a significant 

positive ''priming''effect was recorded at SITES I, III, V and VII. While 

at SITES II, IV and VI, it was not significant. 

At SITES I, II, IV and VI where the first soil sampling coincides 

with the time of the pasture harvest, complete agreement between the 

nature of the "priming" effect as detected in the pasture and soil was not 

obtained (TABLES 19, 20). At SITES II and VI the agreement was good. 



TABLE 20 

The Effect of Fertilizer Sulphur Addition on Soil Levels of Non
Labelled Sulphate Sulphur (phosphate extractable) at First Soil 
Sampling. 

Treatment Level of 
SITE SO S3 Significance 

( Control) (45kgS/ha) (T-test) 

I 12 323+ 16497 ** 
II 1 365 1 368 n. s. 

III 1 672 2 481 ** 
IV 28 133 26 712 n.s. 

V 2 605 3 268 ** 
VI 2 078 1 637 n. s. 

VII 2 304 3 982 ** 

+ mgS/m2 to maximum sampling depth 

n.s. = not .significant 

** = highly significant ( 1%) 
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However, at SITE I, the pasture results (TABLE 19) showed a negative 

'priming" effect while the soil data show a posi ti ve "priming' ef'fect. 

It is possible that at this SITE some of the labelled gypsum fertilizer 

may have been absorbed by the foliage. This is supported by the fact 

that rainfall was minimal between DO and D34 (first sampling) and at 

fertilizer application no dampening do~~ of the pasture occurred as was 

the case at other SITES (see section 2. (2) (b) (i) ). 

The first harvest data at SITE IT showed a negative"priming'while the 

" " soil data indicate no priming effect. If the levels of S04-S (p.e.) in 

the upper 0-15 cm soil depth arc considered instead of those to the 

maximum sampling depth at this sampling time, a negative ~riming'ef'fect 

is also observed (Figure 12d). This supports the earlier viewpoint that 

on the Gorge silt loam SITE, a large proportion of S uptake is occurring 

in the A horizon rather than throughout the sampling depth. 

Of interest are the differences, over time, between SO and S3 

treatments in the soil levels of non-labelled S04-S (p.e.) in the top 

0-15 cm (Figure" 12). When significant posi tive " priming" occurred at the 

first soil sampling, the"priming"effect continued for at least one year 

with the largest"priming"effects being observed at SITES I, II and VII 

(Figure 12a, b and g). 

(c) "Residuai' Pasture Recovery in 1972-73; In the absence of re-

topdressing, the "residual" recovery of the fertilizer S, from the initial 

application in 1971, ranged from 11.4% to < 1% of that applied (TABLE 13) 

over all SITES. " " Except for SITE III, the residual recovery of labelled 
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S at all SITES was lower than the "initial" recovery in the previous 

year. In contrast to the previous year, the unimproved SITES III and 

V recovered more labelled S than their improved counterparts (SITES II 

and IV). The difference in labelled S uptake between SITES II and III 

may have been affected by grass grub infestation at SITE II. 

At all the unimproved SITES (II, V and VII) and at the improved 

SITE I, labelled S comprised a significant proportion (23-32%) of the 

total S uptake (Figure 7b). Unlike the results in 1971-72, the clover 

component at unimproved SITES took up a greater proportion of the total 

labelled S. 

The patterns of labelled S recovery over 1972-73 at all SITES are 

shown in Figure 9. They show that labelled S comprised a slowly 

declining proportion of total S uptake. This suggests that by the 

second year, fertilizer S applied in the first year has become stab.ilised 

over time in the soil. Changes in S.A. data from trial SITES (Figure 8) 

SUbstantiate this vie~~oint. Hence, the majority of labelled S uptake 

in the second year occurred in the early harvests. 

Initially, it was planned to determine the sources of S35 

recovery in pasture by measuring changes in soil levels of labelled S 

over the grow~ng period of 1972-73. Unfortunately, the radioactivity 

in soil samples at most SITES wa.s too low to be detected and this 

forced a termination of S35 measurements after the first pasture sampling 

in the spring of 1972. At this time, only the 0-15 cm soil depth was 

sampled. Despite the limitation above, some inferences regarding 

residual sources of S35 recovery can be made. 



At SITE III, the large difference. in the S.A. -of' grasses and 

clovers as recorded in 1971-72 continued to exist (Figure 8c) in 

1972-73. This' difference was considered to be due to greater 

uptake by white clover from lower soil depths. As a major proportion 

of fertilizer S recove~ in 1972-73 was f'rom the clover component it 

thus suggests that the relatively large" residual" eff'ect at SITE III 

was due to a high uptake of labelled S from lower depths by white 

clover plants. This is conf'irmed by the increasing S.A. of' soil 
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S04-S (p.e.) at lower depths on D350 (APPENDIX VIT,TABLE 11 0) and also f'r0;Jl 

the results "0£ ha separate experiment measuring directly the S-

uptake zones (TABLE 21). In this experiment, to determine S uptake 

zones, radioactive isotopes were introduced on D365 at various depths 

(by the me~hod described in CHAPTER V) on two replicates of' the S3-

treatment of SITE III. However, the data obtained (TABLE 21) shows ·that 

all the"residual"fertilizer S recovered by clover plants at SITE III 

is unlikely to have originated completely from labelled S at lower 

depths. 

There is some evidence to suggest that mineralization of 

recently immobilized f'ertilizer S contributes towards "residual"recove~ 

of fertilizer S at some -S.ITES. 

If' it is assumed that S04-S (p.e.) is the precursor of plant S 

then consideration of the equilibrium. S.A. of soil S04-S (p.e.) at the 

0-15 depths (Figure 10), in relation to S.A. of plant S over the !'residual" 

recovery period (Figure 8) for all SITES, showed that a proportion of' the 

35 . 
pasture S recove~ at improved SITES I and VI (and possibly IV) may be 



TABLE 21 

Grass and Clover Uptake of Sulphur-35 Placed at Two Soil Depths 
on SITE III. 

Depth SO -S Clover+ Grass 
4 

%S ++ / %S c.p.m./g cm. (p.e.) c.p.m. g 
)1g/g 

5 7.1 0.181 5 000+++ 0.174 15 000 

50 5.8 0.174 10 000 0.171 1 000 

+ Grass and Clover harvested at DAY 430 

++ counts per ~inute/g plant material 

+++ mean of two replicates 

TABLE 22 

Mean Net Mineralization (+). or Immobilization (-) of Labelled Soil 
Sulphur at SITES I - VI (1972~72). 

SITE Days Net Mineralization or 
Immobilization 

I 34 - 173 + 
- 996 ± 304++ 

II 48 -.173 - .'64 ±. 392 

III 48 - 173 + 405 ±. 392 

IV 48 - 173 - 854 + 178 

V 48 - 173 - 140 ±. 37 

VI 75 - 173 - 240 + 102 

+ mgS/m2 

++ Standard error 

178 



met from mineralization of labelled S incorporated into the 0-15 cm 

depth. By D350 at these SITES, most of the labelled S in this soil 

depth was in organic combination (Figure 16a, d, and f) rather than 

as labelled S04-S (p.e.). 

The large differences obtained between S.A. of the herbage S 

and the S.A. of the SO -S (p.e.) in the 0-15 cm depth at SITES II and 
4 

V (Figures 8 and 10) suggests that mineralization of labelled organic 

S may be less important at these two SITES. "Residuai' recovery of 

labelled S may be due to greater uptake from lower depths as the S.A. 
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of soil SOl .. -S at D350 generally increased down the soil profile 

(APPENDIX vn TABLES 9 and12) at these SITES. At SITE VII (Craigie

burn sandy -loam) only two harvests were taken in 1972~73 (APPENDIX VI, 

TABLE 7) .When 'these data were related to S.A. of soil S04.-S (p.e.) in 

the 0-15 cm depth (APPENDIX VIII, TABLE 7) at these times, the "residual" 

effects appear to originate from lower depths. However, insufficient 

harvests exist to fully substantiate this viewpoint. 

Whether ''residual'' effects at trial SITES are due to remobilization 

of labelled S from root or stubble reserves cannot be assessed directly 

as no measurement of these components was made after D240. Nevertheless, 

it is interesting to note that at D240 greater amounts of labelled S were 

found in the stubble component (TABLE 17) from SITES III and V as 

compar~d with those from SITES II and IV. These differences support the 

data obtained for the"residual"recovery of labelled S (TABLE 13). SITES 

III and V showed a higher 'f.esidual" recovery than SITES II and IV. 
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Overall then, "residual" effects from the initial fertilizer 

application were generally low and varied from SITE to SITE. The limited 

" . " evidence obtained indicated that the main sources of res~dual recove~ 

were uptake of labelled S from lower soil depths and mineralization of 

soil organic matter. However, at SITES II and VII this "residual" 

recove~ was insufficient to overcome S deficiencies (TABLE 9). 

(i) The Effect of Retopdressing on Labelled S Uptake: Subplot S35 

data were used along with subplot yield to determine labelled S uptake 

from the S3(-) and S3(+) treatments for each harvest in the 1972-73 

season. Results are presented in APPENDIX VI for the appropriate 

harvests. The mean recovery values are shown in Figure 13. 

At all SITES, except SITES .IIand IV, there was a general trend 

for lower uptake of labelled S from retopdressing. Only at the unimproved 

SITES (III, V and VII) has retopdressing significantly (5%) lowered the 

recove~ of labelled S. At SITE I, the effect was almost significant. 

The overall reduction of labelled S uptake at these SITES was about 50.%. 

The differences, between SITES, in the extent of reduction of labelled 

Suptake by pasture after retopdressing could be due to different degrees 

of dilution. This effect would be dependent on the size of the available 

S pool which is in turn affected by retopdressing and also any subsequent 

"priming" effects. 

Consideration of the labelled S plant uptake alone, cannot be 

used to assess whether the addition of fertilizer gypsum (non-labelled) 
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in 1972-73 caused a "priming"effect of the labelled S immobilized in 

the organic fraction of the S3+ and S3- treatments. Some indication of 

"priming"would result if both soil S04-S (p.e.) and plant uptake levels 

of labelled S in the S3- and S3+ treatmentswere· combined at the first 

spring harvest. However, only labelled S04-S (p.~.) levels in the 

0-10 cm soil depths were measured at the first harvest on the S3rtreat

mente These results (APPENDIX VIII, TABLES 1-7), when combined with 

pasture labelled S uptake data (APPENDIX VI, TABLES 1-7) 1 showed that 

under the conditions of assessment, the addition of fertilizer in the 

spring of 1972 had not increased the plant available amounts of labelled 

:soils. 

(3) MOVEMENT AND DISTRIBUTION OF LABELLED SULPHUR IN THE SOIL. 

The amounts of labelled S at each soil sampling depth and for 

each SITE are shown in APPENDIX VII, TABLES 1-7. The mean amount of 

labelled S at each sampling and f6~ each SITE are presented in Figure 

14 together with the rainfall and runoff data. For simplification, the 

soil data were bulked into 15 cm depth intervals (a more detailed 

distribution of labelled S at each sampling 'time is shown in Figure 16). 

Rainfall (R.F.) and estimated amount of leaching water (R.O.) are 

presented at 5 day intervals and for each sampling period. Rainfall and 

R.O. were considered to be similar at SITES II, III, IV and V. 

For all trial SITES, three major sampling intervals were considered 

viz: 



Day 0 to the time of the first soil sampling 

First soil sampling time to the end of autumn (May) 

soil sampling (~D240) 
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End of autumn to the time of early spring soil sampling 

(~ D350). 

(a) Day 0 to First Soil Samp:).ing. With the exception of SITE I 

(Paparua sandy loam), leaching beyoIid the maximum depth of sampling was 

estimated to have occurred at all SITES. Therefore, fertilizer S might 

have penetrated to the deepest soil sampling zone at SITES II - VII. At 

the same time, some S may also have leached beyond the maximum depth of 

soil sampling. 

At the Kowai sandy loam SITES (II and III) and the Hurunui steep

land SITE VI, labelled S was found at all sampling depths. At SITE Dr 

(improved Gorge silt loam)' and SITE VII( Craigieburn sandy loam) pene

trationof labelled S ceased at 30 cm as it was not present at depths 

below 30 cm. At SITE V (unimproved Gorge silt loam) no labelled S was 

detected in the 45-60 cm depth. 

Of particular interest was the extent' of the difference in 

labelled S movement between the Kowai sandy loam SITES (II and Dr) and 

the Gorge silt loam SITES (Dr and V) . The quantity of leaching water 

was estimated to be similar at these SITES (Figures 14b, c, d, and e). 
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On the improved SITES of each soil, penetration of labelled S by 

the time of the first soil sampling was greater in SITE II than in SITE 

IV. This was not due to differences in plant uptake as they were almost 

similar ( see Figures 9b and d). The degree of soil organic labelled S 

immobilization (Figure 17) at each SITE also fails to explain the deeper 

penetration of labelled S in SITE II. Similarly, on the unimproved 

counterparts of each soil (SITES III and V) differences in plant uptake 

and organic immobilization are too small to explain the deeper pene

tration of labelled S at SrTE III as compared with that at SITE V. 

While the difference in the maximum depth of labelled S penetration 

between the unimproved SITES III and V may be explained by the higher S 

retention c-apacity of the 30-45 em soil depth at SITE V (APPENDIX II, 

TABLES 3 and 5), the difference between SITES II and IV cannot be attrib

uted to S retention entirely. Sulphur retention at the 15-30 cm depth 

in SITE IV was found to be low and henc~ for practical purposes, would be 

similar to that in SITE II. 

Since the Kowai soil has a sandy texture (APPENDIX I, TABLE 2) 

the rate of water penetration is likely to be faster than that in the 

fine textured Gorge soil. Hence, it is suggested that difference in the 

rate of water percolation m~ be the main reason for the deeper pene

tration of labelled S at SITES II and III. Therefor~the time of 

sampling may be of importance. At the time of sampling an extended R. O. 

period existed, (Figure 14b) and therefore, on the Gorge soil SITES (IV 

and V) the rate's of labelled S movement may have been slower than those 
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on the Kowai soil SITES (II and III). Furthermore, it will be noticed 

that at the next soil sampling of SITE IV (Figure 14d) the labelled S 

had penetrated to the 45-60 cm zone. 

The stage of pastoral improvement appeared to have had some 

effect on the movement of labelled S. Comparison of SITES IV and V 

on the Gorge silt loam show that labelled S has penetrated deeper at the 

unimproved SITE V (Figures 14d and e, Figures 16d and e). Several 

factors may account for this difference. While differences in plant 

uptake are important (Figures 9d and e), differences in organic immobil

ization of labelled S are substantial (Figures 17d and. e). In addition, 

the bulk density differs between the upper soil depths (0-10 cm) of these 

two SITES (APPENDIX II, TABLES 4 and 5). The lower bulk density at SITE 

V mqr lead to a faster rate of water percolation thus influencing the 

depth of labelled S penetration at the time of sampling of this SITE. 

Similar explanations may accountfor the high level of labelled S in the 

0-15 cm depth of SITE II compared to the unimproved SITE III (Figures14b 

and c, Figures 16b and c). 

The effect of rainfall, or the amount of water percolation on 

labelled S movement, is shown clearly when labelled S movement at SITE 

I is compared with that in the almost similar~ textured soil of SITE II 

(Figures 14a and 16a and b). Despite differences in the time of the 

first soil sampling at these SITES, the lower rainfall at SITE I has 

predisposed toward very little labelled S movement. Under ~imilar rainfall, 

but different soil water holding capacities (SITE II and SITE VI), only a 

small amount of fertilizer S remained in the 0-45cm depth of SITE VI, soon 

after application (Figures 14b and c, Figures 16b and c). 
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The likelihood of labelled S penetration beyond the sampling depth 

at SITES II, III and VI has already been considered in a previous section 

(section }. (2) ). 

The % distribution of labelled S in the soil at the first 

sampling for all SITES is shown in Figure 15a. Little difference exists 

in the pattern of labelled S distribution down the soil profile when 

unimproved and improved SITES on the same soil are compared (i.e. SITE 

II versus SITE III: SITE IV versus SITE V). A major proportion of the 

labelled S present within the sampling zone at all SITES, except SITES 

II and III, was confined to the upper 30 cm. At SITES II and III, there 

was as much labelled S present in the 30-60 cm depth as in the 0-30 cm 

soil depth. 

(b) ¥irst Soil Sa.!!!p,ling to the end of Autumn Soil Sampling (D240). 

Except for SITE VI, calculated leaching beyond the maximum sampling depth 

was minimal at all SITES (Figure 14). 

In general, little movement of labelled S occurred within the 

soil sampling zone at each SITE. There were, however, several exceptions. 

At SITE III (unimproved Kowai sandy loam) there was a significant increase 

in the amount of labelled S in the 30-45 cm depth between D133 and D173 

(Figure 14c). Figure 16c shows that most of this labelled S is S04-S 

(p.e.). Over this period, no corresponding decrease in the levels of 

labelled S occurred at either the 0-15 cm or 16-30 cm depths. However, 

a significant decrease was observed in the 45-60 cm depth. This suggests 
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SITE 

I m v VI vu 
% 

(a) First Samphng 

(b) Late Auttmn Sampling 

(c)Early Spring Sampling 

Figure 15 Percentage Distribution of Labelled Sulphur 

Within the Soil Sampling Zone of the S3 

(4-~i.O kgS/ha) Treatment Subplot at SITES I-VII 



· 195 

that upward movement of labelled S may have occurred from the ~5-60 cm 

depth. A similar effect was not detected at SITE II, the improved 

counterpart of SITE III (Figure 1~b). This may be due to the difference 

in the moisture status of the two SITES (APPENDIX. X, Figure 1b and c). 

SITE III is situated near a terrace scarp where the inflow of water 

from the higher terrace is possibly maintaining a higher water status 

at lower depths, thus allowing for some capillary rise. 

Upward movement of labelled S may also have occurred at SITE V 

between D91 and D133 (Figure 1~e). At this SITE increases of labelled 

S in the 15-30 cm zone were accompanied by a decrease (non-significant) 

in the level of labelled S at 30-~5 cm. Again most of the labelled S 

in the 15-30 cm depth at this SITE is SO~-S (p.e.). At SITE I, a sig

nificant increase in the amount of labelled S and labelled SO~-S (p.e.) 

occurred in the 0-15 cm soil zone between D123 and D2~9 (Figures 1~a a~d 

18a).When this soil zone was examined in more detail at these times, the 

major increase occurred in the 5-15 cm depth (APPENDIX VII, TABLE I). How-

ever, no decrease was apparent in the 15-30 cm soil zone at these times 

(Figure 1 ~a). This suggests that the cause of the increase of labelled 

S in the 0-15 cm is not due to upward movement but probably to mineral-

ization of labelled S in organic material. Plant root decay over this 

summer-autumn period may be responsible. Also at SITE I a significant 

decrease in labelled S was found in the 0-15 cm depth between D77 and D123. 

No corresponding increase occurred at lower depths. As n~ "above" ground 

growth occurred (Figure 9) it can only be ass~~ed that uptake by plant 

roots was occurring. 

Significant upward movement of labelled S was also recorded in the 

0-15 cm depth at SITE VII (Figure 1~g) between D152-D22~. This was 

accompa~ied by a significant decrease in the level of labelled S in the 

15-30 cm depth. 
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Although R.O. amounted to 100 mm between D75 and D240 at SITE VI, 

(Figure 14f) no significant losses of labelled S from the 0-45 cm soil 

depth were found. This soil has a relatively low S retention capacity 

(APPENDIX II, TABLE 6) but it may be sufficient to prevent leaching losses 

of the labelled S occurring. Alternatively, a very large proportion of 

R.O. may be occurring as surface runoff rather than vertical leaching, as 

assumed. .Any error in the estimation of runoff may also explain the 

lack of leaching losses observed in SITE VI. 

However.J the validity of the model used for calculating R. O. in 

this investigation was tested and found to be reliable. Available soil 

moisture to samnlingdepth at each soil sampling was calculated from the 

available soil moisture contents measured on each soil sample. These 

mean values for all SITES were compared with available soil moisture 

content determined by the model calculating runoff at the same sampling 

time (APPENDIX IX, TABLE 7). A high correlation coefficient resulted 

from the correlation analyses (r = 0.91). This suggests that at least 

the calculation of R.O~ is reasonably accurate. 

The distribution of labelled S within the soil sampling zone at 

each SITE is shown in Figure 15b for Day 240. At most SITES, although 

some downward movement has occurred, the labelled S distribution is 

similar to that at the time of the first soil sampling. 

( 0) Sampling Interval between late Autumn and Early Spring (D240-

D350 approximatelx). Over this period, leaching (R.O.) was found to have 

occurred beyond the maximum depth of soil sampling at all Sl~ES and hence, 

some leaching losses of labelled S would be expected to have o~curred 



197 

from the soil sampling zone. 

An examination of the changes in the levels of labelled S to the 

maximum sampling depth (Figure 14) shoV/S that significant decreases were 

measured at only SITES land III (Figure 14a and c). At SITE II the 

difference was almost significant (Figure 14b). If it is assumed that 

plant uptake of labelled S from the soil between late Autumn and early 

Spring (1972) is minima~then significant losses of labelled S could 

have occurred through leaching from the soil sampling zone at these SI~S. 

Hence at SITE I, 82 mm of percolating water removed approximately 28% 
. 2 

(1241 mgS/m ) of the fertilizer S that was present within the upper 60 cm 

prior to winter. While at SITE III, 265 mm of percolating water removed 

about 35% (1066 mgS/m
2

) of the fertilizer S present prior to winter in 

the 60 cm soil zone. 

The reason for the absenceof leaching losses of labelled S beyond 

the maximum depth of sampling in the other SITES (IV, V, VI, VII) could 

be due to their higher S retention capacity (l~PENDIX II, TABLES 4,5,6 

and 7) especially in the subsoil. 

Over this relatively long sampling i~terval considerable movement 

of labelled S occurred from upper to lower sampling depths at SITE I 

(Paparua sandy loam), IV (improved Gorge silt loem) and SITE VII (Figure 

14a, d and. g). 

Howeve~ the distribution of the fertilizer S remaining within the 

soil sampling zone at all SITES by D';·50 shows that it was mainly confined 

to the upper 30 cm (Figure 15c). 



Overall then, three general patterns of labelled S movement and 

distribution were found in the present study. 
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The first pattern is represented by the movement at the lower 

rainfall SITES I and VII, where little downward movement beyond 30 cm 

occurs throughout the entire period of the growing season. The onset of 

winter predisposes toward downward movement of large quantities of 

labelled S from upper depths probably beyond the active zones of plant 

uptake. 

The second pattern of movement occurs where rapid and uniform 

downward movement to at least 60 cm results soon after fertilizer 

application. This is followed by a relatively long static period with 

further downward movement occurring over winter months, especially from 

lower depths. The final distribution of labelled S w2thin the sampling 

zone shows a declining proportion of labelled S down the profile. This 

pattern of movement is exhibited at SITES II, III and to a lesser extent 

by SITE VI. 

The third pattern is relatively similar to that of the second, 

except that leaching losses of labelled S do not occur beyond 60 cm over 

the winter months. SITES IV and V on the Gorge silt loams are representative 

of this pattern of movement. 

Of the various factors affecting S movement, rainfall was the most 

pronounced, especially in the first two months after fertilizer application. 

Differences in S movement between SITES I and II illustrate the influence of 

rainfall. 

Soil differences in S retention, rate of water percolation and water 

holding capacity were also important, both initially and over the subsequent 
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winter months. Differences in S movement between SITES II and IV, III 

and V, II and VI, III and VII were used to assess these effects. The 

stage of pastoral improvement, although affecting initial movement 

patterns, was of little consequence over the remainder of the year. 

(4) TRANSFORMATIONS OF LABELLED SULPHUR IN SOILS. 

The amounts of total labelled S and labelled S04-S (p.e.) at each 

soil sampling depth for each SITE are shown in APPENDIX VII, TABLES 1 - 14. 

Labelled organic levels measured by the difference between the labelled 

total S and labelled S04-S (p.e.) are shown in APPENDIX VII, TABLES 14-21. 

Mean values for labelled S and labelled S04-S (p.e.) at each smnpling 

for each SITE are presented in Figure 16. 

The incorporation or reversion of labelled S into the organic 

fraction occurred mainly in the 0-15 cm soil sampling zone of each SITE 

(Figure 16). 

For each SITE, mean values ~f labelled organic S in the 0-15 em 

soil, depth are shown in relation to total labelled S over time in Figure 

17. By the time of the first soil sampling varying amounts of labelled 

S had been incorporated into the o~grulic fraction at all SITES. At four 

SITES (II, III, IV and VI) the labelled orgrulic S comprised over 40% of 

the total labelled S in the 0-15 cm soil depth. While at the remaining 

three SITES (I, V and VII) about 17% of the labelled S was in organic form. 
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(c) SITE III - Kowai (u) 
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(d) SITE IV Gorge (i) 
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The effect of rainfall on the amount of labelled S incorp.orated 

into the organic S fraction ~t-first soil sempling, is shown when SrTE 

I is compared with SrTE II (Figure 17a and b). The larger incorporation 

at the lower rainfall SITE I is associated with the presence of higher 

amounts of total labelled S (Figure 14a and b). 

The stage of pastoral improvement affected the extent of initial 

labelled S incorporation into organic matter. On both the Gorge and 

Kowai soils, the improved SITES (II and IV) contained higher amounts of 

labelled S in the organic fraction than on their unimproved counterpart 

SrTES III and V (Figure 17b and c). Again, higher amounts of total 

labelled S were found on the improved SITES (Figure 14b and c). Addition

ally, consideration of soil cis ratios and soil pH at the 0-15 cm soil 

depth (APPENDIX II, TABLES 2,5) show that on each soil, the improved 

SITE had a lower cis ratio and higher pH than the unimproved SITE. It is 

therefore assumed that microbiological activity, causing immobilization 

of labelled S, is greater at those SITES with low G/S ratios and relatively 

high pH. 

The effect of soil type on the amount of organic labelled S 

incorporation was· considered by contrasting the improved and unimproved 

SrTES on Gorge and Kowai soils. For both unimproved and improved SITES, 

larger amounts of labelled organic S were found on Kowai soils (Figures 

17b and c). In contrast to the Gorge soils, lower soil levels of S94-S (p.e. 

and moisture exist in the upper 0-15 cm soil depth of the Kowai soils 

(APPENDIX VIII, TABLES 2)5) and (APPENDIX X, Figures 1b and c) at the 

commencement of fertilizer application. Additionally, higher soil 
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temperatures were recorded at SITE II (APPENDIX X, Figure 2) compared 

with that at SITE IV •. Hence, less dilution of the added labelled S with 

the available pool of soil S may have ocourred on the Kowai SITES, 

causing greater immobilization of labelled S. The moisture and soil 

temperature differences between soils is likely to have increased 

the microbiological activity on the Kowai soils. 

At SITES VI and VII, the latar time of initial sampling prevented 

direct comparison with other SITES. 

Overall, it would appear that the major mechal1.ism of labelled S 

. reversion over this first sampling interval was' by immobilization of 

labelled S by micro-organisms rather than the incorporation of: labelled 

S into plant residues. The short duration of the first sampling interval 

and the conclusions reached above at SITES II, III, TIT and V, support this 

viewpoint. Additionally, the results at SITE VII (Figure 17g), show that 

some labelled S had been incorporated into the organic S fraction even in 

the absence of any observable pla>1.t growth. 

The amount of labelled S incorporated into the orga>1.ic S fraction 

of the 0-15 cm soil depth continued to increase at most SITES up to Day 

350 (Figure 17). This increase was accompan~ed by a general decrease in 

labelled S04-S (p.e.) levels (Figure 18). However, two major exceptions 

to this general pattern, were observed. At SITE VII, the incorporation of 

labelled organic S after the first sampling showed no further increase up 

to Day 325. While at SITE II no significa..'1.t increase occurred after the 

second soil sampling. The possible reason for no further increase 
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in labelled organic S at SITE VII may have been due to the lack of 

any significant plant growth. At this SITE clovers failed to establish 

and therefore, the addition of plant residues was hegligible. The low 

level of available N may also have limited the extent of microbiological 

activity. A similar argument cannot be advanced for SITE II. However 

by the second sampling, most of the labelled S present in the 0-15 cm 

depth at this SITE was already in the organic fraction (Figure 17b). 

By the end of the year (D350), differences,between SITES, in the 

amounts.of labelled S incorporated into the organic fraction continued 

to exist (Figure 17). On the whole, the extent of the differences 

between most SITES was similar to that at the first sampling. By D350 

almost all the total labelled S in the 0-15 cm depth of each SITE 

was in organic combination (Figures 16 and 17). 

It has been established previously (section (3) (a) ) that 

between the first and late autumn sampling, losses of labelled S from 

the soil sampling zone at each SITE were minimal. Hence, consideration 

of changes in labelled S04-S (p.e.) to maximum sampling. depth and also 

changes in pasture uptake of labelled S between various sampling 

intervals, should provide some indication of the net amount of labelled 

S either mineralized or immobilized. 
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Results for each SITE are presented in APPENDJJC X, TABLE 8, and 

their mean values between the first soil sampling and D173 (sampling time 

common to most SITES) are shown in TABLE 22. The large standard error 

associated with the mean values of each SITE indicates that few meaning-

ful conclusions can be made. By considering the 90% probability 

confidence interval at SITES I, IV and V, it can be concluded that net 

immobilization of labelled S has occurred. Data between shorter sampling 

intervals also show a high degree of variability (APPENDIX X, TABLE 8). 

If changes in soil levels of labelled SO~-S (p.e.) are considered 

for the upper 0-15 em at each SITE (Figure 18), significant increases 

were found at SITE I (D123-2~0), SITE II (D173-2~0), SITE III (D173-2~0) 

~d SITE VII (D152-22~). These increases might imply that mineralization 

of immobilized organic fertilizer S has occurred at these SITES. At SITE 

I the increase is associated with an increase in total labelled S (Figure 

14a) whichJas explained previously, is due probably to plant senescence. 

Hence, some of the increase in SO -S (p.e.) m~ be due to microbial or 
4 

physical breakdown of these plant residues. A similar explanation may 

exist for the increase in labelled SO -S (p.e.) at SITE V[I, a.lthough this 
- 4 

increase is more likely to be due to upward movement f'rom the 15-30 cm depth 

as the increase is greater than that for total labelled S in the 0-15 cm 

depth. 

Hence, the evidence from changes in soill~veisof labelled SO -S 
4 

(p.e.) over time suggests that mineralization of fertilizer S incorporated 

in organic S occurred at some trials during the first year. On both the 

Kowai soil SITES (II and III) the magnitude of this effect was relatively 

small. 
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(5) CYCLING SULPHUR POOLS 

The isotope dilution technique was used to determine the size of 

the sulphur cycling pool at each SITE. 

Size of S cycling pool = S.A. of added fertilizer S 

S.A. of pasture S 

amount of fertilizer 
x S added or the 

effective dose rate 

The probable components of the soil-pasture sulphur cycle at each SITE 

are diagrrunmatically pre sented in Figure 19 (adapted from Till and May, 

1970a) • 

To determine the size of the S cycling pool at each SI~E, two major 

requirements are essential, viz: 

(a) The attainment of an equilibrium between the added fertilizer 

sulphur and the components, of the soil-pasture system, which are involved 

in S cycling. 

(b) There must be no major unaccountable losses of the added 

fertilizer sulphur from the soil-pasture system involved in the cycling 

of sulphur. 

Attainment of an equilibrium at each SITE can be assessed from the 

S.A. data of the pasture (Figure 8). These graphs show that at all SITES, 

except SITE III, the equilibrium was reached by about D240. Hence; the 

first requirement of a satisfacto~ equilibrium can be met at these SITES. 

Specific activity values of pasture were used to assess the size 

of the S cycling pool at D240 for SITES I-V. However, this estimation 

was not possible at SITE VII as no pasture uptake occurred at this SITE. 
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Figure 19 

Soil sulphur (in forms suitable for immediate 
utilization by plants). 

Fertilizer Sulphur ("D" = 0 at Equilibrium.) 

"P" = Sulphur in Entire Living Plants-includes roots, 
stubble and pasture tops. 

"RII = Residues Pool which comprises organic sulphur in the 
soil;_ dead plant material, organisms, excreta etc, 
most of which is considered .to be "below ground" and 
involved in sulphur cyclingo 

"U" = Sulphur in the Soil that does not enter the Cycle. 

"G" = Total Soil Sulphur = "U" + "B" + 'm". 

"c" = Cycling Sulphur Pool = "P" + "R" + "S". 

Sulphur Transport Unlikely 

------- Sulphur Transport known. 

adapted from Till and May (1970a). 
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The second requirement of no major unaccountable losses of 

fertilizer S from the cycling pool of S is more difficult to satisfy. 

This requires a lmowledge of both the maximum soil depth to which S is 

actively involved in cycling and also fertilizer S losses beyond this 

depth. 

If it is assumed that the soil components of the S cycling pool 

(i.e. "U", "s" and "R") extend to the maximum depth of soil sampling, 
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then losses of the added fertilizer S from the soil-pasture system between 

DO and D240 approximately could be considered minimal for all SITES except 

SITE VI (see section 3. (3) (a) ). It has already been established 

that a large quantity of fertilizer S had been lost fr9m the soil-plant 

system at SITE VI by D75. To determine the amount of fertilizer S 

retained in the soil plant-system at this SITE, the mean amount of 

labelled S to maximum sampling depth at D75 was determined and added to 

the labelled S content in pasture (with an estimate of root and stubble 

labelled S)",. 

TABLE 23a shows the calculated size of the S cycling p_ool ("G") at 

each SITE. At all SITES, the amount of S in the cycling pool is sufficient

ly large (ranges from 105 to 292 kgS/ha) to sustain adequate plant growth 

provided it is cycled rapidly enough. The size of "e" differs between 

the improved SITE IV and unimproved SITE V. Howeve~ differences also 

exist between these'~SITES in total soil S levels. 

If it is assumed that all S in the plant material at D240 represents 

"P" then the "R" and "s" pools (Figure 19) can be assessed. These pools 



TABLE 23 

Sulphur Cycling Pools at DAY 240 on SITES I, II, IV, V and VI. 

(a) Sulphur Cyling Pools (kgS/ha) when all Fertilizer Sulphur 
within the Soil Sampling Zone is included. 

Cycling SPool "C" 
(kgS/ha) 

S.A. Pasture 
( dpm/)lgS) 

+Effective dose rate of 
Fertilizer S (kgS/ha) 

++Extent of dilution 

+++Total Soil Sulphur r. 

(kgS/ha) 

++++ Plant Sulphur "P" 
(kgS/ha) 

Residue plus Soil Pool 
("R" + "S") 

Inert Sulphur "U" 
S04-S (p.e.),(kgS/ha) 

SITES 

I 

1300 

39 

3.1 

1083 

5 

116 

967 

196 

II 

850 

34 

4.7 

1593 

17 

143 

1450 

36 

IV 

292 

500 

36 

8.1 

1850 

20 

272 

1578 

216 

V 

172 

950 

41 

4.2 

1681 

17 

155 

1526 

74 

218 

VI 

105 

500 

13 

8.2 

938 

9 

_ 96 

842 
18 

t Initial application(45.0 kgS/ha}corrected for fertilizer S removed 
in harvested pasture prior to D~ 240. 

++ 

+++ 

++++ 

+++++ 

Specific activity:of 'added fertilizer 
Specific activity of pasture at D240 

to maximum sampling depth 

estimated plant pool at D240 includes roots and"above ground"pasture 
at SITES I and VI. At other SITES these were measured. 

"C" at D350. 



TABLE 23 Continued 

(b) Sulphur Cycling Pools when Fertilizer Sulphur Present in the 
Soil below 30 cm is Excluded. 

SITES 

I II TV V 

Cycling SPool "c" ·1121 . 118 259 118 
(kgS/ha) 

S.A. Pasture 1300 850 500 950 
( p.pm/;lgS) 

+Effective dose'rate of 
Fertilizer S (kgS/ha) 39 25 32 28 

++Extent of Dilution 3.1 4~7 8.1 4.2 

+++Total Soil Sulphur 851 946 1182 1181 
(kgS/ha) 

++++ Plant SulJlhur "P" 5 17 20 17 

Residue and Soil 116 1 01 239 101 
("R" + "S") 

Inert Sulphur ''U'' 735 845 943 1080 

S04-S (p. e.) (kgS/ha) 100 20 60 36 
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VI 

82 

500 

10 

8.2 

757 

9 

73 

684 

10 

+Initial application 45.0 kgS/ha corrected for Fertilizer S removed in 
harvested material prior to D243 and Fertilizer S beyond 30 cm depth 
at D240. 

++Specific activity of added fertilizer 
Specific activity of pasture at D240 

+++Total soil sulphur to 30 cm 

++++Estimated plant pool at D240 includes roots and pasture. 



comprised a ve~ small proportion of the total soil S present in each 

soil-pasture system (TABLE 23 a) and hence, a very large quantity of soil 

S ("U") does not enter the "c" pool at each SITE. If all the soil 

S04-S (p.e.) present within the S cycling pool represents "s" then only 

at SITES II, V and VI i:s the "R" pool active in cycling. 
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In a similar manner, S cycling poo~s can be calculated at D350 for 

each SITE (except SITE III). However, allowance has to be made for losses 

of labelled S from the cycling pool of S over the winter period. It has 

already been established (section (.3) (c) , that significant losses of 

labelled S occurred from within the 0-60 cm soil depth at SITE I. At 

SITE II the decrease in labelled.S was almost significant. Hence,the S 

cycling pools calculated at D240 for SITES IV, V and VI should be the 

same at D350. The recalculated S cycling poools at D350 for SITES I and 

II are shown in TABLE 23a. 

Although the comparisons are limited, no relationship between the 

size of the S cycling pool and the responses to retopdressing of the 

original S3 treatment in 1972-73 are evident. For example at SITES I and 

VI where the "c" pools were 84kgS/ha and 105kgS/ha respectively, no S 

response was recorded on the S3+ treatment ~n comparison with the S3-

treatment. Yet at SITE II, with a S cycling pool of 127kgS/ha, a re-

topdressing response was measured. This suggests that the rate of cycling 

within the "c" pool is more important. 

The preceeding discussion has been based on the premise that the 

soil component of the "c" cycling pool extends to the maximum depth of 
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soil sampling. As shown previously, there is some evidence to suggest 

that the major zones of S uptake m~ vary fro~ SITE to SITE (section (2) 

(b) (i)). Hence,to determine the S cycling pool m~ require a correction 

for fertilizer S within the soil sampling zone which is not involved in 

S cycling. This would have the overall effect of reducing the calculated 

size of the "c" pool at SITES I, IT, V and VI. Al though this reduction 

would not alter the relationship already established between 8 responses 

in 1972-73 and the size of the "c" pool at D350, it would influence the 

magnitude of the "R" pool. Results in TABLE 23b show the size of the 

"c" pool at each SITE when only the S in the upper 30 cm of the soil 

profile is considered to be involved in S cycling. Assuming that the 

80
4

-S (p.e.) measured is involved completely in S cycling? the data show that 

a greater proportion of the S in the "R" plus "s" pools is confined to 

the "R" pool at all SITES, except SITE I, compared with the results 

obtained earlier (TABLE 23a) using the full sampling depth. 

Of interest is the "c" pool difference between SITES IT and V 

on the Gorge soils. When assessed using 30 cm as the soil depth of S 

cycling, the "c" pool at the improved SITE-IT is over twice the size of 

the "e" pool at the unimproved SITE V. No difference exists. between these 

SITES in the level> of total S sulphur. Thi's indicates) therefore, that 

the long term development of pastures on Gorge soils has led to a larg~ 

increase in the size of the S cycling pool. When the size of the "R" and 

"s" pools are considered in relation to S04_-S (p.e.) levels at SITES N 

and V, it is evident that the major difference between their respective 

"e" pools is a result of a large increase in the "R" pool at the improved 

SITE IT. Hence,the production and decomposition of plant residue 



.. 

222 

and animal excreta appear to be significant factors in the cycling of 

S under improved conditions. 

The above conclusions on the effect of stage of pastoral improve~ 

ment on !!C" pool size could not be confirmed on other soils as no similar 

comparisons exist. However ,in CHAPTER V it is shown that most of the 

S uptake at SITE IV is confined to the top 30 cm of the soil profile. , 
Therefore, the "c" values in TABLE 23b for Gorge soil SITES IV and V 

appear realistic. 

(6) THE SIGNIFICANCE OF VARICUS PROCESSES AFFECTING THE FATE OF 

,FERTILIZER SULPHUR AT EACH Sl~. 

In pastoral systems, when fertilizer is applied to soils in early 

spring or autumn, the main aim is to either maintain or increase pasture 

production for the growing season (Spring-Autumn). If the soil is 

deficient in plant available S, then fertilizer S is required to supple-

ment this plant. available pool of soil S; in a manner which will eliminate 

S deficiencies in the pasture for at least the entire growing period. It .. 
seems ~oglcal then, that the rate and amounts by which plant available 

. soil S is depleted, will be of particular significance with respect to 

the avail abiJ:i ty of S to plants throughout the growing season. 

If it is assumed that all the fertilizer S, applied initially, 

enters the pool of plant available S in the soil, then the rate and 

amount of decrease of fertilizer S in the plant available pool can be 

followed with respect to the major processes depleting this pool over the 

growing season. These major processes include plant uptake, leaching and 
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immobilization into the soil.. organic S. In order to assess the relative 

significance of each of these processes at each SITE, several other 

assumptions have to be made. 

Firstly, it is assumed that S04-S (p.e.) measures the amount of 

plant available S in the soil. Secondly, the major plant uptake zone in 

the soil has to be defined. In this evaluation the A horizon is considered 

to represent the major zone of plant uptake. Thirdly, leaching losses from 

. the A horizon at the first soil sampling are considered to be the amount 

of labelled S within the soil sampling zone but excluding that in the A 

horizon. At SITE VI, because a large amount of fertilizer S was leached 

beyond the maximum sampling depth at first soil sampling, the amount 

leached is ~stimated as the amount of fertilizer sulphur applied/minus 

that measured in the soil A horizon and plant tops at first soil sampling. 

An estimate was also made of the amount of labelled S in stubble and roots. 

Additionally, the amounts of labelled S leached from the A horizon of 

each SITE after the first soil sampling were calculated as the decrease 

in the total amount of labelled S within the A horizon over various 

sampling intervals. Due allowance was made for the decrease caused by 

plant uptake of labelled S over these periods. 

Plant uptake of labelled S at the first pasture sampling included 

both "above ground" and below ground" or root levels of labelled S. 

Labelled S in the root systems at SITES II and IV were measured at D48 

(TABLE 17). These levels were considered to remain unaltered over the 

first year. At SITES I and VI labelled S in the root system at first 

sampling was estimated from the harvested rasture: root ratios at SITES 

II and IV. Again these levels were assumed to remain similar over the 
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first year. Labelled S in the root system of SITES III and V at first 

pasture sampling was assumed to be the same as that measured en D240 (TABLE 

17). At first sampling the ameunt ef labelled S in stubble was assumed 

to. be 25% ef that in harvested pasture. 

Based en the abeve assumptiens, generalized diagrams were cen

structed to. pertray the likely relative significance ef the varieus 

precesses at each SITE. These are shewn in Figure 20. 

Interpelatien ef data fer each precess at D48 shews that leaching 

is the mest significant precess depleting the S04-S(p.e.) pool at five 

ef the seven SITES. Leaching was of little significance at SITES I and 

IV, At these later SITES, immebilization of labelled S into the erganic 

fractien was mere depleting than plant uptake. This pattern alSo. resulted 

at SITES II, III and V. At SITE VI hewever, these two. precesses were ef 

similar magnitude. 

Between D48 and late autumn (D240), the relative significance ef 

the precesses affecting the fate ef fertilizer S changed at mest SITES. 

Leaching was ef ma:jer significance at enly three SITES (III, V and VII). 

The effects ef immbbilizatien into. the erganic S peel, except at SITE II, 

were net as preneunced and at most . .3ITES they were ef similar magnitude 

to. plant uptake. In fact, at SITE rl plant uptake was ef mere significance 

than immebilizatien. 

Over the winter peri ed, plant uptake ef labelled S was assumed net 

to. eperate at any SITE and hence, the majer precesses likely to. deplete the 
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S04-S (p.e.) pool were leaching and immobilization. Leaching was ~ound 

only to be o~ major signi~icance at SITE I (Figure 20e), SITE IV (Figure 

20d) and SITE VII (Figure 20g). Immobilization o~ labelled S was 

virtually negligible, at all SITES. 

It can be concluded then, that i~ the S04-S (p.e.) in the A 

horizon o~ each SITE, is the major source o~ plant available S and i~ 

the aim o~ ~ertilizer practice is to maximize the size o~ this pool, 

then over the growing period (Spring-Autumn) each process was associated 

to a varying extent with the depletion o~ this pool. There is no doubt 

that initially at most SITES, leaching losses ~rom the A horizon ~ormed 

a signi~icant loss process. There is some evidenc~ presented earlier 

(section 3~ (2) (b) (i) ) and further con~irmed in CHAPTER V, to suggest 

that on Kowai soils at SITE II and III these leaching losses may be 

reduced through plant uptake below the A horizon. In time, leaching 

losses areo~ less signi~icance at the majority o~ SITES. 

Net losses through incorporation o~ labelled S into the organic 

pool are maximal over the initial stages. Plant uptake, although 

removing less labelled S over time, depletes the available pool at a 

rate more or less similar to that o~ immobilization. 



4. GENERAL DISCUSSION. 

( 1) CHEMICAL REDISTRIBUTION .AND MOVEMENT OF LABELLED SULPHUR 

WITHJN SOILS. 
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At all SErES, surface applied fertilizer S underwent redistribution 

within the soil. Both dovmward movement and immobilization into the soil 

organic fraction occurred in the first year at all SITES. The magnitude 

of the two processes varied both within and between SITES. The±r 

relative significance was dependent on a lmowledge of the major S uptake 

zone of plants in the soil throughout the growing period. 

It is difficult to relate the S movement patterns found in this 

present study, to farm practice where superphosphate is the source of S. 

In the present investigation, gypsum was applied in a finely divided form 

at the rate of 45 kgS/ha in early spring. In practice, superphosphate 

is now applied in a granulated form at rates of 150-200 kg/ha (15-22 kgS/ha) 

in either spring or autumn (see TABLE 3). Of necessity, most SITES where 

white clovers are introduced, ·receive superphosphate in the early spring. 

Although no field studies have been conducted,the available 

laboratory evidence (Muller and McSweeney 1973) suggested that leaching 

losses of S from gypsum would be similar to that from powdered super

phosphate, but greater than that from granulated superphosphate. It would 

be expected, but not proven, that the extent of difference between forms 

in the field is likely to be dependent on the intensity and d.uration of 

rains soon after application. In the present study, heavy rainfall 

occurred at all SITES, except SErE I, soon after fertilizer S application 



(see Figure 16). Therefore, the form of fertilizer S used may have 

made little difference to the overall downward S movement measured. 

If a lower rate of S application had been used in these present 

studies, the laborato~ evidence available (Chao et al., 1962) 
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suggested a similar depth of penetration into the soil, as vdth a higher 

rate, but a proportional reduction in the quantity of sulphur at anyone 

depth. 

Overall then, if granulated superphosphate had been applied atboth a 

similar time_ and lower rate than the gypsum used in the present invest

igation, both the depth of penetration and % distribution of the applied 

fertilizer _S in the soil are likely to be similar. However, if a lower 

rainfall resulted between application and the first sampling then the S 

in granulated superphosphate would be released more slowly than S in 

gypsum. Under these conditions the dovmward movement would be less 

extensive and at most SITE~under farming conditions, S from fertilizer 

may remain within the A horizon for most -bf the subsequent spring, summer 

and autumn. 

The large leaching losses of l8belle~ fertilizer S at SITE VI 

(Hurunui Steepland) we~e of particular significance. Hurunui soils 

occupy 400,000 hectares of the more stable South Island foothill country. 

Topdressing requirements are varied but commonly superphosphate is applied 

annually, or sulphurized superphosphate biennially, in early spring. 

Although S yield responses were not measured at the improved 

SrrE VI, it is evident that in other situations, within the same soil 
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set, the application of superphosphate at commonly recommended rates 

(210 kg/ha) might lead to S deficiencies occurring soon after application. 

The rapid downward movement of labelled S at SITE VI may have more 

relevance to fertilizer field trials conducted within this soil set. 

Normally,gypsum is used to evaluate S responses. Large responses to S 

would be expected when white clover is introduced into this unimproved 

country (Walker and Gregg, 1975). Yet under these conditions some trials 

have shown little or no response to S applications (Gregg, 1970). In 

the absence of plant S and soil S analyses, no suitable reasons could be 

advanced to explain the response pattern. The results from this present 

study suggest that large leaching losses m~ have occurred at these trial 

locations and the S response pattern may have been~ evaluated in~ 

correotly. To ensure an adequate S status on S treated plots, future 

-- fertilizer trial work wi thin the Hurunui soil set require s the addi ti on 

of elemental S to gypsum treatments. In practice,it would also seem 

unwise to omit elemental S from topdressing practices on Hurunui steep

land soils even where annual topdressing is conducted. 

Sulphur retention has been measured. in New Zealand soils and 

shown in laboratory studies to discriminate between those soils that 

readily leach S and those that do not (Hogg,.1965). No published studies 

have indicated whether this distinction is of practical significance 

under field conditions. 

In the present investigation, comparison of the results from the 

Gorge and Kowai soil SITES (under similar rainfall) provided good evidence 
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that Sratentipn measurements are of' practical signif'icance. Despite 

heavy leaching over the winter months, movement of' labelled S beyond 

60 cm was insignif'icant on the medium S retentive Gorge soils in 

comparison with the low S ~retentive Kowai soils. 

This is further conf'irmed by the dif'ference ,f'ound between SITES 

rJ' and V when their respective S04-S (p.e.) levels on the BO-treatment 

are compared at Day 48 (TABLE 20). The larger amounts of'S04-S (p.e.) 

at STIE rJ', especially in the 30-)+5 cm soil depth (APPENDIX VII, TABLE 

'n )indicated that the contti:.nual annual use of' superphosphate and return 

of' S in urine over the last 20 years has led to an accumulation of' 

S04-S (p.e~~ within the 0-60 cm soil depth/despite large annual 

quantities of' leaching water moving beyond 60 cm. The subsoil S04-S 

(p.e.) was f'ound to be main1,yadsorbed S04-S, Soil extraction with 

CaC12 (0.01M) could only account f'or 1-2p.g of' the 50-60?gS04-S/g 

present. 

Theref'ore it would be expected that, on other improved soils 

within the y~llow brown earth soil group, a buila-up in S04-S (p.e.) 

with time will occur. The magnitude of' this, ef'f'ect is likely to depend 

on both the rate of' f'ertilizer application and stocking rate. In time , 
and provided the accumulating S04-S (p.e.) is positionally available to 

plants, application of' S containing f'ertilizer may not be necessary. In 

f'act at SITE IV, no S resr>0nses were recorded over the- growing seasons 

of' two years. 



232 

Of particular interest was the upward movement of labelled 

SO -S (p.e.) at SITE III (Kowai sandy loam) SITE V (Gorge silt loam) 
4 . 

and also possibly at SITE VII (Craigieburn sandy loam). 

Upward movement of nutrients has been measured in the field 

under cropping for nitrate (Wetselaar, 1961) but not for sulphate. The 

upward movement of labelled S.measured in this study under pasture 

therefore supports the laborato~ findings of Ahmed et al., (1973) using 

S35-labelled sUlphate. 

The significance of this upward movement is likely to va~ from 

SITE to SITE. At SITE III the upward movement of labelled S from the 

45-60 cm depth into the 30-45 cm zone may have no special significance 

as it has been sho~n that clover appears to readily obtain S from lower 

depths. However, at SITE V the upward movement of labelled S into the 

16-30 cm soil depth (lower part of the A horizon) may increase the amount 

of S available to plants over-the groYling season. At SITE VII no measurable 

plant growth occurred in 1971-72 growing season. Under normal conditions, 

this upward movement ·of labelled S into the 0-15 cm zone may be of some 

significance to plant nutrition. However, at this time of the year plant 

growth may be too restricted by moisture deficiency. 

The pattern of fertilizer S movement, measured in the present study 

a.t various SITES, a.pply only to the 1971-72 year when fertilizer S was 

applied in early September. Whether similar movement patterns occur from 

year to year would depend, largely, on variations in yearly rainfall, 

especially over winter months. 
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Consideration of the average rainfall and runoff (leaching) values 

at SITE I over a five year period (APPENDIX IX, TABLE 1 (b) ), shows that 

in 1971-72 runoff was below average. Therefore, a different S movement 

pattern might result in years of average or above average runoff on this 

soil type. At SITE VII (APPENDIX IX, TABLE 6 (b) ) runoff during 1971 ... 72 

was above average. At SITES II-VI, average rainfall-runoff figures are 

not available. Rainfall readings from nearby meteorological observers 

suggest that runoff (assumed to be one third of rainfall over the year) 

was slightly above average in 1971-72. Hence, the observed fertilizer S 

movement patterns were typical for Kowai, Gorge and Hurunui soils. 

The incorporation of fertilizer S into the organic fraction at 

all SITES was consistent with the deductions made from the longer term 

field studies of Donald and Williams (1954) and Walker et al., (1959). 

However, not all of the labelled S to the maximum depth of soil 

sampling was in the soil organic fraction by D350. A relatively large 

proportion of labelled S remained as SOl,. -S (p. e.) at lower depths 

(see Figure 16) on some SITES (I, IV, V, VII). 

There was substantial incorporation of labelled S into the soil 

organic S fraction in the upper 15 cm of some SITES by first sampling. 

This ·early incorporation was probably mainly. due to microbial 

incorporation because root decay between DO and the first soil sampling 

is likely to be minimal at all SITES. This field evidence for direct 

microbial incorporation supports the recent laborato~ findings of 

Freney et al., (1971) who showed that, in the absence of plants, a 

relatively high short-term incorporation of labelled S into the organic 

fraction occurred. 
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Clearly, the amount of fertilizer S immobilized by micro-organisms 

must be considered as a retention mechanism operating within soils.: 

The magnitude of this microbiological retention will therefore have 

a direct influence on the extent of do~nward fertilizer S movement. 

This form of retention must be considered additional to the chemical 

S retention at present measureJ. in New Zealand soils. It would 

appear worthwhile to further investigate this aspect, as when the 

extent of initial organic incorporation of fertilizer S is low, the 

potential for leaching of fertilizer S will be higher than in 

situations where this initial incorporation is substantial. 

After the first sampling, it was difficult to resolve whether 

the incorporation of labelled S was due to either microbial 

incorporation or plant root decay or both. However, at STIES· I and 

VII which show no general increase in labelled organic S levels 

after first sampling, both immobilization and mineralization of 

fertilizer S must be proceeding at the same rate. 

It would be unwise to assume that, in situations inth longer 

pastoral development than these SITES studied, similar immobilization 

patterns would exist. In situations where the accumulation 0 f orgarlic 

S has ceased, incorporation of fertilizer S into the organic fraction 

may still occur. Similarly, the extent of incorporation, at other times 

of fertilizer S application (i.e. Autumn) is unknown. 
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The effect of different fertilizer rates on the extent of labelled 

S incorporation into organic S was not investigated in the present study. 

However, results in the present study showed that greater amounts of 

labelled organic S were found on those improved SITES with the larger 

amounts of fertilizer S in the 0-15 cm depth. This supports the 

conclusions reached by Allison (1966) for different rates of N fertilizer 

in a greenhouse study. 

Hence, a profitable line of research would be to select a wider 

range of improved situations, than used in the present study, on the 

same soil type and assess the fate of fertilizer S, when applied at 

different rates and application times, especially in relation to the 

extent of immobilization. 

Whether similar patterns of fertilizer S organic incorporation 

would occur in farm practice, where granulated superphosphate is used 

at a lower application rate, is open to conjecture. If it is assumed 

that the extent and duration of rainfall after fertilizer application in 

this study was sufficient to negate the effects of fertilizer form, and 

if a lower rate of fertilizer application i~obilizes less fertilizer S, 

then it could be argued that a reduced extent of organic S incorporation 

could be expected in farm practice using granulated superphosphate 

fertilizer. 
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In the present investigation labelled S in the soil organic S 

fraction was measured as the difference between total labelled S in the 

soil and labelled S04-S (p.e.). It is possible that labelled S in the 

organic fraction has been over-estimated as it may have included some 

labelled S from living plant roots. The magnitude of this possible 

effect was calculated at SITE IV for the 0-15 em soil depth at D240 using 

root labelled S data (APPENDIX V, TABLE 4). If all the labelled S 

present in roots of the 0-15 em soil depth are added to the labelled S 

in the soil fraction, root labelled S would comprise approximately 11%. 

However, it was founa that only about 10% of the roots in the 0-15 em 

soil depth was likely to be included in the soil sample in which labelled 

S is normally determined. Hence the labelled S contribution from roots 

in the <2 IJlID soil fraction is likely to be 1% at the maximum, and is thus 

of little significance. 

( 2) REC OVERY OF LABELLED SULPHUR. 

The overall level of pasture fertilizer S recovery, shown in the 

present investigation for a period of two years appeared consistent with 

the published results of other studies in New Zealand and ove~seas (TABLES 

1 and 2). Similarly, the pattern of fertilizer S recove~ by pastures at 

each SITE agreed in general with published results where gypsum was the 



main fertilizer form. 

The increased recovery of fertilizer S in the second year 

(1972-73) at SITE III (Unimproved Kowai sandy loam) was a notable 

exception and contrasts with the findings of Walker and Adams (1958b) 

on the same soil at another locality (TABLE 2). They found greater 

recovery of S from gypswn (40 kgS/ha) in the first year compared with 

the second year. However, in their study the recovery data reported 

represents "apparent" recovery, as labelled fertilizer S was not used. 
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The assumption {as made by Walker and Adams/1958b~ ) that total 

plant recovery of fertilizer S over the growing seasons of one year can 

be estimated by assuming that root uptake of fertilizer S comprises 50% 

of the harvested pasture recovery, was confirmed in the present study 

for unimproved SITES only. On improved SITES) fertilizer S recovery in 

plant roots comprised a relatively small (16~ proportion of the total 

plant recovery (see TABLE 14) by the end of " the year. Henc~ the stage 

of pastoral improvement must be considered when estimating total pasture 

fertilizer S recovery from harvested pasture data. 

The high total recoveries (8~ of fertilizer S in the soil-plant 

systems as reported in this present study are of particular interest. No 

published data exist " where S35 - labelled fertilizer has been used to 

determine total recovery of added S in soil-plant systems under field 

conditions. The recovery values, from SITES I - V, compare favourably 

with results obtained from N15_ labelled fertilizer added to soil-plant 



systems. For example, Brown and Volk (1966) using field lysimeters, 

recovered 75-86% of the N15_1abelled fertilizer applied,while Carter 

et al. (1967) reported recoveries of 88-100% from enclosed field plots,. 

Henzell (1971) in Australia recovered 57-95% of the N15_ fertilizer 

applied to microplots within field plots. However, in the present 

study the mean recove~ of fertilizer S at some SITES was associated 
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with high standard errors. This aspect is discussed in a later section. 

The fact that a proportion of the added fertilizer S is incorp-

orated into the organic fraction of soils highlights the fallacy of 

assessing fertilizer S recove~ in the soil as the difference between 

S04-S (p.e.) levels on the control and S treated plots. Both During 

and Cooper (1974) and Rhue and Kamprath (1973) assessed fertilizer S 

recove~ in this manner. The results in the present study show that the 

amount of fertilizer S incorporated into organic sulphur will va~ from 

one situation to another. The maximum amount of fertilizer S incorporated 

into the organic fraction in one year approached 36% of the applied 

fertilizer S (i.e. at SITE IV). 

The present study did not reveal. precisely the mechanisms by 

which 'residuar'recove~ of fertilizer S occurs in soil-plant systems. 

However, results confirm the suggestions made in CHAPrER II •. 3. (3) (ii), 

that"residual"mechanisms are likely to differ between SITES. In this 

regard much similarity exists with the"residual"mechanisms of N as 

described by Hauck (1971) using N 15 - labelled fertilizer N. 

In the present study, the fact that unimproved SITES had 

different"residual"labelled S recove~ patterns than those of improved 
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SITES on the same s~il type is of practical significance. As pointed 

out in CH.APrER II~3. (3) (ii), many of the investigations into"residual" 

effects have been conducted with trials laid down on previously untop

dressed pastures. Generally speaking, the"residualllrecovery pattern, on 

pastures regularly topdressed,is often considered to be similar. The 

results from the present study show that incorrect deductions could be 

made. For instance, on the Kowai soils, results from SITE III (prev

iously untopdressed) showed that the application of 45 kgS/ha in 1971 

was sufficient to prevent S deficiencies occurring in 1972-73. On the 

other hand at SITE II, annually topdressed for up to 20 years with 

100-200 kg/ha of superphosphate) the application of 45 kgS/ha in 1971 

was insufficient to preventS responses occurring in 1972-73. Yet, at 

SITE V (untopdressed Gorge silt loam), the same rate of S (45 kgS/ha) 

applied in 1971 was just sufficient to prevent S deficiencies from 

occurring in 1972-73 and its improved counterpart (SITE IV) failed to 

give S responses in either year. Thus, the S recovery &~d response pattern 

obtained from an unimproved SITE, cannot be used directly to predict the 

recovery and response S pattern on improved pastures of the same soil or 

another soil within close proximity. 

It was surprising that the more S retentive SITE V (Gorge silt 

loam) almost gave a significant response to retopdressing of the 45 kgS/ha 

treatment, when SITE III showed no evidence of a retopdressing response 

on the same treatment (TABLE 9). It is therefore important to determine 

the likely reasons for this difference. 
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Both SITES III and V recovered similar amounts of fertilizer S 
, 

in 1971-72 (TABLE 13). However,in 1972-73 greater recovery of fertilizer 

S resulted at SITE III despite the fact that at Day 350, the commencement 

of 1972-73 growing season,there was almost twice as much non-labelled and 

labelled S04-S (p.e.) to the maximum soil sampling depth at SITE V 

(APPENDIX VII, TABLES 10and12,). Additionally, the S04-S (p.e.) at 

SITE V was more highly labelled with S35 than that at SITE III. This, 

therefore.,suggests that the labelled S04-S (p.e.) to the maximum sampling 
, -

depth at SITE III was either positiDnally or chemically more available 

to plants than that at SITE V. 

Greater utilization of S at lower depths in SITE III, especially 

by clovers,_may be a contributing factor. The higher S uptake from 

lower depths at SITE III, compared with SITE V, may be associated with 

the visually observed greater root density in the subsoil of SITE III. 

This increase in root density is possibly the result of two factors, 

either singularly or combined. Firstly, when clovers germinate on 

favourably textured soils, a prim~ root develops which penetrates deep 
. , 

down into the soil (Eritb," 1924). Depending on the time of seeding, 

subsequent management and climatic conditions, stolons develop from 

nodes in approximately six months to a year. A shallow rooting system 

is then formed at each node. Simultaneously, the primary root slowly 

disintegrates. Hence, the agronomic features associated with the develop-

ment of clover root systems may lead initially (1-2 years) to a 

relatively deep rooting pastoral system,when clovers are introduced into 

native or unimproved swards, on soils which allow free root development 
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(i.e. sandy loams and loarns). This situation would apply to SITE III. 

It is suggested that as SITE V contained "volunteer" clovers at the 

commencement of the trial, the dev,elopment of a deep rooting system 

Dl.ay not have been as great as that at SITE III where no "volunteer" 

clovers existed. Secondly, soil physical, chemical and moisture' 

differences may influence the root distribution between the two SITES. 

Although bulk density determinations show little difference between the 

two SITES (APPENDDC II, TABLES 3 and 5), the higher clay content at SITE 

V, would predispose towards fewer macropores and reduce the depth of root 

penetration as postulated by Greacen et al., (1969). Detailed root 

sampling would be required to support this suggestion. 

The "priming" effects, due to the addition of S3~ labelled gypsum? 

measured in the present study appear to be the first recorded for S 

fertilizer added to 'pasture-soil systems. The main significance of 

these "priming "effects is in relation to "apparent" recovery determination 

of fertilizer S. Where posi ti ve "priming "occurs fertilizer S recovery is 

overestimated, and- ,where negative "priming' occurs fertilizer S recovery is 

underestimated. Both positive and negative "priming "effects'" were 

determined in the present study. 

In the present study, the "priming" effect' was assessed in both 

the soil and pasture. This enabled some of the suggested mecha'1.isms of 

" .. "t b . d pr~m~ng 0 e exam~ne • At SITE V (unimproved Gorge silt loam) where 

posi ti ve"priming"was measured in pasture, dry matter yield responses to 

S were also record'ed. This supports the contention of Fried and Broeshart 

(1967), which attributes "priming"effect!l to increased root and top' 

growth when a nutrient deficienoy is rectified. On the other hand, at 
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this SITE, positive"priming"of the soil organic S was also evident as 

the level of non-labelled S04-S (p.e.) was higher on the S3 treatment 

compared with that in the SO treatment (control), thus lending support 

to one of the theories of Jenkinson (1963) who considered that increased 

microbiological activity may be responsible for the "priming"effect. 

Of particular interest were the ·changes in specific activity 

(S.A.) of the harvested pasture and its relationship to that of soil 

S04-S (p.e.) over time. The findings of Till and May (1971), which 

suggested that S04-S (p.e.) appeared to be a precursor of plant sulphur, 

was confirmed over a wider range of' soils in the present study. Henc~ 

it was surprising that the level of S04-S (p.e.) measured at the commence

ment of S response trials, did not re~lect subsequent response patterns. 

This emphasizes the fact that other factors, such as rates of supply of 

S from and into the plant available sulphate pool, are more importm~t in 

the prediction of the response pattern. 

Generally: speaking, a good ~elationship could be establishe~)over 

time,between the S.A. of pasture and S.A. of S04-S (p.e.) at a particular 

soil depth although some variability existed between SITES. This mqy 

have been due to a change in the zone of pl~t S upta~e and/or movement 

of S (downward or upward) within the soil profiles. Mor~ frequent soil 

and pasture sampling would be required to determine precisely' the relation-

ship. 

It is of interest to note that radioa~tive isotopes have not been 

used widely to relate plant S specific activity with the speeific 

activity of S extracted by various chemical extractants. Indeed, the 



results from the present field study suggest that a worthwhile field or 

laborato~ experiment would be to add highly labelled carrier-free S35 

isotopes to various soils, and subsequently extract the soils with 

different chemical procedures and then relate the specific activities 

of extractable S to those found in plants growing within the soil. 

Alternatively, S35_ labelled S fertilizer could be added to soils, 

incubated for a suitable time and then subjected to plant uptake. 

The relationship between the S.A. of plant S and that of 

S04-S (p.e.) was used in this present study to determine the zones 
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in the soil where plant S uptake occurred. The success of this approach 

depends largely on the range of values in the S.A. of S04-S (p.e.) down 

the soil prof'ile. The greater the range of S.A. differences the more 

successful would be the technique. 

The recove~ of fertilizer S by grasses and clovers showed in 

general that on improved SITES, even where S is in adequate supply, 

grasses outcompete clovers for this S (Figures 8a, b, d, f). Thus, 

the above result confirms the suggestion of Metson (1973) who stated that 

as S levels in clover never rise to high levels, even with adequate S 

fertilization, grasses must continue to compete more actively for 

available S. Hence, a limited supply of S in the soil is not a pre-

requisite for grasses to Qutcompete clovers for S as previously shown 

by Walker and Ada~s (1958a). 

The reason for the greater competitive ability of grasses was 

not established. However, it is of significance that in another separate 
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investigation (CHAPTER VI) at SITE II, where roots from the upper 10 cm 

soil depth were separated into grass and clover roots, the weight of 

grass roots was almost four times greater than clover roots in a sward 

where the above-ground pasture comprises 50.% clovers. This would 

suggest that the greater competitive advantage of grasses may be due 

simply to its greater root weight per unit volume. A similar conclusion 

has been reached by Jackman and Mouat (1972) for the greater competitive 

ability of grasses for P. 

In the present study, where clovers were introduced into unimproved 

swards, clovers either outcompeted grasses for available fertilizer S 

(Figure 8c) or competed successfully with grasses for fertilizer S (Figure 

8e). Again this confirms a postulation by Metson (1973) who suggested 

that when the N supply is low, but available S high, clovers may have a 

better competitive ability than grasses for S. In the present study, at 

least at SITE III, this greater competitive ability for S by clovers 

appeared to be due to the deeper clover root system in relation to that 

for grasses, rather than direct competition for S by roots within a 

particular soil zone. The likely reasons fo~ these root differences have 

already been discussed. 

Of interest are the S.A. relationships of the sulphur in grasses 

and clovers. At all improved SITES in the present study, both the S.A. 

of grass and the S.A. of clover were relatively similar (Figure 8 a, b, 

d,f) over the duration of the trials (600 days). At some samplings the 

S.A. of grasses was si@nificantly higher than that for clovers. These 

findings contrast markedly with the results of Till and May (1971) who 

found the S in clovers (Trifolium repens) to have a higher S.A. than 



that in the associated grass species (Phalaris tuberosa) for up to 400 

days after fertilizer S application. They suggested~in a previous 

study ( Till and May, 1970b), that the combination of different rooting 

depths between the two plant species and a decreasing S.A. down to the· 

soil profile may contribute to difference s in plant S. A. The higher 

S.A. of clovers was associated with a more shallow root system within 

the uppermost soil depth of high S.A. In time both plant species had 

a similar S.A. (Till and May, 1971). These differences in results 

between the present study and that of Till and May (1970b) may be due 

to both clover and grass root systems in the present study drawing their 

S. . requirements from similar soil zones. 

(3) CYCLING SULPHUR POOLS. 

In the present study the equilibrium S.A. of pasture was used to 

determine the size of the S cycling pool. This differs slightly from 

that of Till and May (1970a) who used the equilibrium S.A. of wool. No 

serious disadvantage should result because the S.A. of S in pasture 

was shown to be the same as that of wool,at equilibrium,in a previous 

study (M~ et. al., 1968). 

A major difficulty in the present study was to determine the 

maXimum soil depth above which S was cycling in the soil. Correct 

determination of this depth was important to establish firstly, how 

much of the applied fertilizer S was confined to the S cycling zone 

and secondly, to determine the pool size of the inert soil S fraction 

("U"). Till and May (1970a) considered that in their study the maximum 
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depth above which soil S is likely to be involved in S cycling was at 

25 cm and on this basis they reported that 5010 of the soil S is 

confined to the "U" component. However, they presented no reason to 

suggest why this depth was chosen other than that the fertilizer S did 

not move beyond 25 cm. The soil depth from which plant S uptake occurred 

was not determined. However, in a later paper, Till and May (1971) 

indicate that most of the S uptake by plants was confined to the top 

7.5 cm~ If they had used 7.5cm as their maximum soil depth in their 

earlier study at the same site, no difference would have resulted in 

the size of the S cycling pool, but the size of "U" (the inert pool) 

would have been reduced substantially to almost zero. The conclusion 

then would have been that all the S in the soil was involved in S 

cycling. Thus, this represents a major departure from the hypothesis 

of Till and May (1970a) that only 50% of the soil S was involved actively 

in S cyc ling. 

In the absence of any direct information on the uptake zones of 

S by plants in the present study, -the S cycling pool size at each SITE 

was determined when the full depth of sampling was considered and also 

to a depth of 30 cm. It was of interest to note that, at all SITES, the 

use of either maximurrl sampling depth or the 30 cm depth still showed that 

a large amount of soil S is in the inert soil pool ("U"). 

The soil at SITE I (Paparua sandy loam), in the present study, 

is considered to be relatively similar to that used in the Australian 

study of Till and May (1970a) and hence. a comparison of the "U" fraction 
I 
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between the two trials is of interest. If total S in the soil to 30 

cm is considered at SITE I then the proportion of soil sulphur not 

involved in S cycling is approximately 88%. In comparison, 5Q% of the 

total soil sulphur was found not to be involved in S cycling in the 

Australian study (Till and May, 1970a). 

Essentially, the S .A. of pasture at most SITES after D 240 in 

the present study appears to reach a steady state and supports the 

findings from the Australian trial. This implies that the rate of S 

movement between the "u" and "S" pools is small and further conf'irms 

that very little of the S in the "U" component is involved in cycling. 

On the Gorge soil type the substantial increase in the size of 

the "G" or S cycling pool on the imPFoved pITE Dr compared with the 

unimproved SITE V, was not accompanied by any measurable increase in 

total soil sulphur 'within the upper 30 cm. This finding confirms a 

speculation made by Till and May (1970b) that fertilizer applications 

may mobilize a portion of the soil pool that has been relatively inert. 

In the present study, where animals were excluded, the applied S 

continued to cycle up to D600 in a manner similar to the Australian 
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study where animals were included. This suggests that the cycling of 

S in soils can be studied in the absence of animals. 

(4) TECHNIQUES USED TO S'lUDY THE FATE OF LABELLED SULPHUR. 

In this investigation, 8.14 me of radioactive S35 was applied to 

one square metre, or an equivalent area, on D~ Subsequent analyses of 

soil and plant samples for S35 determinations showed-that successful 

measurements of labelled S in soil samples ceased by D350 approximately 

at all SITES. By then counts per sample had fallen to 50 c.p.m. above 

background rates. Labelled S04-S (p.e.) could, with increased concen

tration of extracts, be counted succossfully until D420 approximately. 

Labelled S in pasture was counted up to D600. 

This inability in the present study to assess labelled S in soil 

samples for a period longe:!:' than that of Till and May (1971) mag be due 

to several factors. 

Firstly, there was greater dilution of the applied radioactivity 

in the present investigation since all the SITES examined would appear 

have a larger amount of S in the soil and also show more rapid 

downward movement of the labelled S. For instance, 240 days after 

fertilizer S application at SITE II, labelled S was distributed relatively 

evenly down to 60 cmj whilst the Australian study, at a similar time 

- after the initial application, showed most of the labelled S was still in 

the upper 7.5 cm. Furthermore, losses of' labelled S were assumed to be 

~egligible in the Australian study, whilst in the present study some 
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fertilizer S may have been lost before entering the soil-plant system 

thus increasing the extent of dilution. 

Secondly, the method of measuring S35 radioactivity in the 

present study only allowed for the maximum introduction of 20 pgS into 

each counting vial. The Australian study does not indicate clear~ how 

much S is added to counting vials but greater S35 radioactivity m~ have 

been introduced. ' 

Clearly then, higher dosage rates, than those used in this 

investigation, are required if the fate of labelled S is to be investi-

gated under similar climatic and soil conditions, for periods longer than 

one year. 

2 
In the present study the selected dose rate of 8.12 mc/m was 

the maximum possible. The labelled S purchased from T.V.A. could only 

be obtained at a certain maximum level of added activity. If the rate 

of application had been increased above 45 kgS/ha, fertilizer rates 

would have been unrealistic. As an alternative,radioactive gypsum could 

be prepared by using carrier-free high S.A. S35 as used by Till and May 

( 1971). 

The evidence from the total fertilizer S recove~ determinations 

suggests that in order to assess recove~ (and hence losses) accurately, 

replication would have to be increased especially at the tussock grass-

land SITES (VI and VII). For example, to assess total recove~ at SITE 
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VI to within ±. 10 01' the mean (wi th 9~ confidence interval), 7 

replicates or 28 subplots would be required. 

It may be unwise to determine the number of replicates required 

by using the variance associated with only the three replicates in the 

present study. However, the evidence suggests that to obtain more 

precision, increased replication is required. An increase in the number 

of cores taken from the subplots of the main treatment would also increase 

the precision. Unfortunately, more intensive core sampling is likely 

to influence water movement in the soil within the sampling area. 

The method of core sampling used in this investigation may have 

led to an over-estimation of labelled S recovered in the soil component. 

Carter et al. (1967) obtained greater than 100,% recovery of the applied 

N15 labelled fertilizer when comparing core ·sampling with complete 

removal of soil layers from cylinders pressed into the ground. Greater 

variability was also observed wit~ core sampling. They attributed these 

effects to uneven initial distribution of the N
15 

fertilizer. Whilst 

the removal method of Carter et al. (1967) may have reduced variability, 

it could not be used in the present study as successive soil and ~ege-

tation sampling was required. An alternative method would be sequential 

destructive sampling of smaller sampling areas enclosed by metal 

cylinders. 

The present study generated a ve~ large number of soil and pasture 

analyses. In fact, after the first soil sampling,soil samples collected 

from the lower depths on the SO treatment could not be analysed. 
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Consideration of the results has shown that in similar future studies, 

of at least one year's duration, substantial reduction in the number of 

analyses could be made. It was quite clear that at all SrrES, beyond 

the soil zone where labelled S is incorporated into organic matter 

(A horizon), a close relationship existed between labelled S04-S (p.e.) 

and labelled S. Thus only measurement of labelled S04-S (p.e.) is 

necessary. 

Further reductions in soil analyses could also be made. The 

nature of the present investigation required simultaneous soil and 

vegetation sampling. This was necess~ to determine S recovery and 

relate soil to herbage data (i.e. S.A.). However, where the major 

interest is in fertilizer S movement, a prelimin~ soil analyses of 

a selected replicate should be carried out before deciding on whether 

other replicate samples should be analysed to determine statistical 

si'gnificance. Furthermore, the use of a continuous estimate of water 

balance at each SITE, would assist in determining whether soil sampling 

at lOVle:r. depths is likely to reveal any labelle.d S movement (i.e. 

sampling after a leaching event rather than at some regular interval). 

Where grasses and clovers have simila:r specific activities at 

the early stages of an investigation, there seems little merit in 

continuing to distinguish between' the two, unless competitive effects 

are to be evaluated, on a seasonal basis. 

In this investigation maximum sampling depth was predetermined 

before the investigation proceeded. At SITES VI and VIr it was 
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physically impossible to sample beyond 45 cm. At Sl~ES I and V, the 

maximum sampling depth (60 cm) was determined by the available sampling 

equipment and visual root distribution. There is no doubt that more 

useful information would have been gained at SITES II and III if sampling 
\ 

had been carried out regularly to a deeper 6.epth, especially at D350 

after the winter period. 

In an attempt to assess the relative significance of leaching, 

plant uptake and immobilization on the available pool of fertilizer S 

at each SITE, several assumptions were made. One such assumption was 

that the decrease in the amount of labelled S in the A horizon between 

soil samplings, when corrected for plant uptake of fertilizer S, 

represehts fertilizer S leached from that zone. It would be expected 

then that provid.ed no leaching occurs beyond the maximum depth of 

sampling, the decrease noted for the A horizon would be measured in the 

soil depth between the A horizon end maximum soil sampling depth. At 

some SITES this effect was not measured. For instance, at SITE V, 

between the first and second soil _ sampling, no increase occurred in 

labelled S levels within the 30 - 60 cm depth (APPENDIX VII, TABLE12). 

Yet leaching was calculated to have occurred from the A horizon (Figure 

20e). Hence, greater experimental precision is required in any future 

studies of this nature. 

Overall then, several improvements could be made to the techniques 

used in this present study. 
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(5) PASTURE BULPHUR RESPONSES TIl" RELATION TO- THE FATE OF 

FERTILIZER SULPHUR. 

It was suggested at the onset of the study that a knowledge of 

the fate of fertilizer S applied to soils should lead to an improved 

understanding of the variable S response patterns under pastoral 

conditions,especially in the Canterbu~ district. A severe limitation 

was imposed on this objective when the measurement of S35, in most soil 

fractions _ investigated, had to cease at D350. Hence possible" residual" 

mechanisms, such as mineralization from labelled S organic matter and , 

uptake of adsorbed sulphate could not be directly evaluated. A further 

difficulty encountered was in defining the major zone in the soil from 

which pasture utilized S. 

Despite these problems it was clear that even a knowledge of the 

fate of fertilizer S at several field trials, over a period of only one 

year, provides useful information in relation to S response pattenls. 

Generally, it is believed that when soluble S fertilizers, such as 

gypsum and superphosphate, are applied to soils, leaching will remove or 

reduce the amount of fertilizer derived sulphate ions in the soil 

solution of low S retaining soils. Hence,repeated yearly dressings of 

these fertilizers are required. Even though annual rainfall in coastal 

Canterbu~ is low (600 mm), leaching is common in the winter months of 

June, July and August. It would be expecteditherefore~that once a S 

deficiency is determined, continual annual application of a S fertilizer 

would be required on free-draining soils. In this respect, the fate of 

fertilizer S at SITE I (Paparua sandy loam) was of particular significance. 
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In spite of leaching (calculated as 82 mm) over the winter period, 

there remained 33 kgS/ha of the original fertilizer S application 

(45 kgS/ha) in the upper 60 cm of the soil profile at the end of one 

year. Of this total amount, 23 kgS/ha was in the S04-S (p.e~) form 

mainly in the upper 30 cm (Figure 16a). Most of the S04-S (p.e.) 

would be readily plant available, as this soil had a low S retention 

capacity throughout the soil profile. This evidence suggests that 

leaching of fertilizer derived S may not be as important as predicted 

in the free-draining soils of coastal Canterbu~. Provided plant roots 

can utilize S in the upper 30 cm of the soil profile, then even at the 

normal rate of S application used on these soils (i. e. about 20 kgS/ha), 

a large ''residual''effect 'may result. Indeed, the fact that SITE I 

failed to show measurable S responses over two years suggests that 

earlier fertilizer applications have been more than sufficient to meet 

pasture S requirements even under autumn topdressing. 

Furthermore, the knowledge of the fate of fertilizer S at this 

trial is releVant to the field trial results of Stephen (1970) in. 

Canterbu~ on lucerne. The majority of his fertilizer trials showed that, 

even after withdrawal of S fertilizer (gypsum) for several years, S 

responses were nil to very slight on a wide range of soils. This suggests 

that S, from previous applications and that mineralized where pastures 

are cultivated prior to lucerne establishment, may have accummulated as 

S04-S at lower soil levels and is still positionally available to deep. 

rooting plants such as lucerne. 

On similar (SITE III) low S retentive soils, but under higher 
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leaching conditions in winter (265 mm), the level of S04-S (p.e.) 

derived from fertilizer gypsum only comprises 9 kgS/ha at the end of 

the first year. However, even this extent of leaching did not induce 

S deficiencies where the original fertilizer application was 45 kgS/ha. 

As discussed earlier, differences in the S.A. of grass and clover pasture 

components of this trial showed that the overall plant 1'0 cling system 

was operating to a depth of 60 cm during the first year. With the 

greater above-ground growth of the deeper rooting white clover, in the 

second year, greater uptake from lower depths probably resulted. Hencel 

consideration of plant root systems in relation to fertilizer S distrib-

ution is necessary in order to assess the likely response pattern in the 

year follo~~ng fertilizer application. 

A study of the fate of fertilizer S on the yellow brown earth 

soil (Gorge silt loam) SITES showed that, although leaching was large 

(265 mm) and downward S movement did occur, none of the fertilizer S 

within the soil profile moved beyond 60 cm. Hence, with cultivation, 

grazing and regular fertilizer topdressing over time it would be expected 

that S would accumulate in a plant available form in the medium S 

retentive subsoil (30 - 60 cm). It could be expected then that, provided 

sufficient roots penetrated into the su(son, withdra.wal of fertilizer 

S application would not lead to the immediat'e occurrence of S deficiencies. 

In fact at SITE IV no S responses were measured over the two year trial 

period. This finding supports the prediction of saundersetal{1969) who 

considered that withholding superphosphate from medium S retaining soils 

will not lead to S deficiencies for one-two years. 
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It has already been shown that at 8ITE VI (Hurunui steepland 

soil) large losses of fertilizer 8 (6Q% of the applied 8) occurred soon 

after fertilizer 8 application. Although it appeared that at this trial 

the large loss was not of any significance, it was suggested that the 

variable 8 response pattern recorded on this soil set in the past 

(Gre.gg, 1970) may be due to inadequate evaluation of 8 responses in 

field trials where gypsum was applied. At many of these sites 

rapid leaching losses of 8 from gypsum might have occurred. 

The use of 835-labelled gypsum fertilizer also showed that in 

some Canterbury soils upward movement of fertilizer 8 occurred. The 

significance of this movement to plant growth has already been discussed. 

The Canterbury climatic environment during summer and autumn months must 

predispose toward the capillary rise of water in many situations. 

Provided sufficient 8°4-8 is present at depth, this 8 source could be a 

significant factor in preventing or reducing the extent of 8 deficiencies 

on some soils. 

At 8ITE I (Paparua sandy loam) evidence was presented earlier 

(section 3.(3) (b) ) which suggested that root decqy may have occurred 

ever the summer-autwnn period. This was also associated with an increase 

in 8°4-8 (p.e.) levels suggesting that possibly root decay had occurred 

under the d~ conditions prevailing, thus providing a source of plant 

available S and reducing the likelihood of S defioiency arising in the autwnn 

at least. 

Often in the initial development of tussock grassland, clover 

inoculation failures exist. Frequently, reseeding is delayed until the 
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following year, and fertilizer is omitted on the basis that the previous 

topdressing should suffice. Hence, a knowledge of the fate of fertilizer 

S at SITE VII (Craigieburn sandy loam) and subsequent responses to 

reseeding the following year in the absence and presence of retopdressing 

is of interest. At SITE VII, prior to reseeding in 1972, a large 

proportion (38 kgS/ha) of the fertilizer S applied in 1971 was still 

within the upper 45 cm of the soil profile (Figure 16g). Of this fraction 

35 kgS/ha was remaining in the S04-S (p.e.) plant available form. Even in 

the upper 15 cm, 7 kgS/ha as S04-S (p.e.) existed. Despite this, S 

responses to retopdressing were large suggesting that either the S04-S 

(p.e.) present was not all readily plant available, or that the levels of 

S04-S (p.e.) were too low in the uppermost -soil layers. The fact that 

a large amount of S04-S (p.e.) had remained within the upper 30 cm layer, 

despi-~e large amounts of leaching, suggests that in time S requirements 

may be minimal provided roots can penetrate to these depths. 

Alth~ugh the assessments of the S cycling pool did not appear to 

be related to the S response pattern, it was shown that fertilizer S 

added to soil-plant systems continued to cycle actively in the absence of 

grazing animals. Fertilizer S needs are often calculated by comparing the 

amounts of S removed from plant-soil systems, and the S added ~o pasture

soil systems. Often a balance of S inputs and S outputs neglects S 

cycling within the soil and incorrect deductions will be made as to the 

S requirements of pastures. 

Overall then, a knowledge of the fate of fertilizer S has provided 

a few possible explanations for the variable S response patterns that 
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have-- been recorded in Canterbury. There is no doubt that if "residual " 

mechanisms could have been evaluated more precisely, an even greater 

understanding of S responses in the field would have resulted. 

Because soil tests for S were found not to correlate with the 

S response pattern in the present study, it would appear that a long 

term knowledge of the fate of fertilizer S at field trial sites may be 

more useful. This would require greater in-depth plant and soil 

analyses at field trial sites and is consistent with the argcrments 

forward by Collis-George and Davey (1960) who considered that too many 

field trials were being conducted without adequate lmowledge of the 

factors influencing the response pattern at each site. 

(6) POSSIBLE MANffiTLATIONS TO THE PASTURE-SOIL SYSTEM TO llJIPROVE 

THE EFFICIENCY OF FERTILIZER SULPHUR U~~. 

Increasing costs of farm inputs and variable prices of farm out

puts make it essential that more efficient use be made of fertilizer 

added to pastoral systems. Despite the fact that the present study is 

restricted to assessing the fate of fertiliz,er £ added to pasture-soil 

systems and althoughllresidual"mechanisms were npt evaluated precisely, 

the results suggest that several manipUlations could be considered in 

order to improve the efficiency of fertilizer S use. 

Up to 1971, powdered superphosphate was the predominant physical 

form of superphosphate used by farmers. Consequently, when the present 
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study was commenced gypsum was used as the S fertilizer because most 

studies, up to that time, had shown little agronomic difference between 

the two forms. Since 1971 superphosphate has been sold as granulated 

superphosphate. However, most fertilizer companies have difficulties 

in maintaining a uniform granule size. The effects of handling and 

transport tend to reduce a large proportion of the granules to powder 

prior to application. Additionally, the recent increase in the amount 

of Christmas Island rock used to manufacture superphosphate, has created 

difficulties in granulation stability. Consequently, many superphos

phate fertilizer batches are poorly granulated. Hence, although 

granulated, many batches of superphosphate are not too dissimilar to the 

original powdered form of superphosphate. 

Results from the present study suggest that major advantages 

would be accrued by reducing the extent of downward movement of S 

beyond the A horizon of many soils, especially the developed Kowai and 

Hurunui soils. In view of the glasshouse results of Muller and McSweeney 

(1973) the use of well-granulated superphosphate is to be recommended. 

It would also seem desirable to add elemental S especially where heavy 

rain is expected soon after application. It is surprising that many 

farmers on Kowai soils apply superphosphate without elemental S addition 

in the autumn. On Hurunui soils, superphosphate is also applied on many 

farms inear~ spring, without elemental S addition. 

Some thought could be given to altering the time of fertilizer S 

application. On improved pastures in inland Canterbu~, spring top

dressing normally coincides or precedes active spring growth. Leaching 
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or water percolation through the soil profile is high at this time. In 

view of the fact that the rate of plant uptake for fertilizer derived S 

is far less than the rate of S leaching at this time, increased efficiency 

of fertilizer S uptake may result if topdressing is withheld until mid

October. Similarly, autumn applications in April and March may have 

little significant effect on S uptake by plants. As plant uptake and 

immobilization appear to be inactive over the winter months, the 

potential for downward movement of S is high. 

The results from SITE III (unimproved Kowai sandy loam) suggest 

that at least on this soil, the inclusion of species in the sward with 

a deep rooting habit would be desirable to more fully utilize the S at 

lower profi~e depths. Species such as red clover and deep rooting 

grasses (e.g. cocksfoot) would be effective. It was also suggested that 

the main reason for the greater uptake of S at SITE III was due to 

initial deep rooting by the introduced clover. This suggests that on 

these soils, management practices aimed at the natural reseeding of 

resident clovers may be beneficial_for full S utilization within the 

profile. Additionally, the control of grass grub is of importance 

especially on Kowai soils. Their root pruning activities as well as 

reducing plant growth, will also reduce utilization of S from lower soil 

depths. 

Although it was not well proven in this investigation, if 

fertilizer S is incorporated into an active organic pool and if this is 

ailresidual"mechanism, efforts should be made to maximize its activity. 



The addition of lime and the introduction of earthworms may be 

desirable. 
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Clearly then, the range of possible manipulations to the soil

pasture system appear restricted. Those suggested are only designed to 

maximize S utilization. The practical considerations of other nutrient 

requirements and other management activities must also be considered. 
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5. CONCLUSIONS. 

The present study investigating the fate of fertilizer S applied 

to several soil-pasture systems, can only be considered as a prelimina~ 

or pilot study. Minimal replication was used. All known fates of 

fertilizer S were not investigated and only one rate of labelled fertil

izer S was applied. In addition, several difficulties commonly associated 

with field tri.al studies occurred. Despite these limitations useful 

information in relation to the aims ·of the study, was obtained. 

This present investigation has shown that when a similar rate 

(45 kgS/ha) of fertilizer S (gypsum) is added to a range of Canterbu~ 

pasture-soil systems in early spring, its subsequent and variable fate 

is affected by several factors. 

Where improved pasture-soil systems (SITES I and II) differed 

mainly in the yearly rainfall received (466 mID - 1112 rom), almost twice 

(10 kgS/ha) as much fertilizer S was taken up by pasture at the SITE 

wi th the higher rainfall (SITE II - Kowai sandy loam) due to increased 

pasture production. However, by the end of two years and in the 

absence of retopdressing, uptake offertiliz~r S was almost similar on 

both soils. At the end of the first year, the amounts of fertilizer S 

(10 kgS/ha) incorporated into the organic S fraction in both soils were 

almost similar. The extent of fertilizer S penetration into the soil 

was most pronounced at the higher rainfall SITE II, where fertilizer S 

was found to be distributed evenly throughout the soil sampling zone 

(0-60 em) by the end of the growing season (D240). While at SITE I 
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(Paparua sandy loam) fertilizer S had not moved downward beyond 30 cm. 

The present study also shows that differences in the stage of 

pastoral development or improvement on the same soil affected the fate 

of fertilizer S. Unimproved pastures (SIT~S III·and V) recovered only 

one third the amount of fertilizer S compared with their improved 

counterparts (SITES II and IV). Even after two years, recovery of 

fertilizer S in the absence of retopdressing on improved paatures was 

still greater than that of their unimproved counterparts. There were 

also differences in the extent that fertilizer S was incorporated into 

the organic fraction of unimproved and improved SITES. Less fertilizer 

S was incorporated into the organic fraction of unimproved pasture soils. 

Although the stage of pastoral development appeared to influence the 

initial S movement patterns in sOils,by the end of the first year, the 

distribution of fertilizer S was similar between unimproved and improved 

pastures on the same soil. 

The effect of soil characteristics in influencing the fate of 

fertilizer S added to pasture-soil systems was shown clearly by consider

ing different soils in similar stages of pastoral improvement but under 

the same rainfall. The major process affecting the fate of fertilizer S 

in these comparisons is the extent of fertilizer S downward movemen~ as 

the pasture uptake of fertilizer S and incorporation of fertilizer S 

i:p.to organic S were similar on improved pastures of different soils 

(SITE II and SITE IV). The same effects were shown by unimproved 

pastures on different soils (SITE III and SITE V) •. When the Gorge soils 

(SITES IV and V) are compared with Kowai soils (SITES II and III) under 

similar pastoral conditions, the extent of downward movement is less in 
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Gorge soils. Main differences between these soils are the heavier 

soil texture throughout the soil profile of the Gorge soils and its 

higher retention capacity in the B horizon. These characteristics in 

combination are therefore of importance in influencing the fate of 

fertilizer S applied to these soils. 

It is also concluded from the present study, that the relative 

significance of the major processes affecting the fate of fertilizer S 

at each SITE depends largely on a knowledge of the major zone of plant 

S uptake in the soil. Unless this is well defined,the determination of 

the relative significance of processes affecting the fate of fertilizer 

S can only be treated as tentative. If the topsoil is the major zone of 

plant uptake then the results of this study showed that the relative 

significance of plant uptake, immobilization and leaching va~ between 

and within pasture-soil systems over one year. 

Although it was difficult to show conclusively the"residual" 

mechanisms of fertilizer S recovery by plants in the present study, 

there was evidence to suggest that mineralization of previously immobil-

iz.ed' fe:ctilizer'S may have occu.rred in some pasture-soil systems. The 

higher stubble reserves of fertilizer S,as found in unimproved pastures 

compared with their improved counterparts prior to winter, may also 

have contributed to the differences measured in"residual"fertilizer S 

uptake. There was strong evidence to suggest that plant uptake of 

fertilizer S04-S (p.e.) from lower layers of a sandy loam soil was a 

major "residual "mecha.nism, at least at one SITE. At another SITE on a 

medium S retaining soil, fertil:i.zer S accummulates in the S04-S (p. e.) 



fraction throughout the 0 - 60 cm depth. As no 8 responses were 

recorded it is assumed that the increases in 8°4-8 (p.e.) form a 

"residual"source of 8 for plant uptake especially in the upper 30 cm. 

From a consideration of the above"residualllmechanisms and 

other results from the present study some possible reasons for the 

variable response patterns to the applicati9n of 8 fertilizers in 

Canterbury were suggested. On both high and low 8 retaining soils 

under high and low rainfall, the evidence suggests that previous 
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fertilizer 8 applications, and possible release of sulphate when soils 

are cultivated prior to pasture establishment along with urine return, 

are all likely to elevate levels of 8°4-8 at depths below the normal 

depth of routine soil sampling (0 - 10 cm). Most of this 8 remains in 

the plant available 8°4-8 form and would be available to deep rooting 

grasses or even clovers on newly established pastures. Hence) it is 

concluded that results from field trials investigating 8 responses in 

Canterbu~ must be interpreted with a knowledge of species composition, 

their root uptake zones, and the amounts of plant available 80
4
.-8 present 

in this zone. 

It was also concluded that upward movement of 8°4-8 into depths 

below the zone of normal soil sampling, but within the reach of plant 

roots especially over autumn months, is ~obable on some soils. If 

leaching is minimal over the winter months this upward movement would 

enhance the uptake of 8 by plants and reduce the likelihood oE a 8 

response occurring. 



Climatic conditions in Canterbu~ predispose towards plant 

senescence in the summer and autumn. Decomposition of plant residue 

as noted for SITE I would provide a ready source of available S04-S 

to plants. Further work; is required to confirm this suggestion. 

Although the size of the cycling pool of S was determined at 
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five trials)no relationship was found between the pool size and S 

response patterns. Calculations of the pool size indicated that as much 

as 8q% of the sulphur within the soil pool was inert and not involved 

in active cycling. This supports the results from Australian studies 

using S35 isotopes in grazed pastures. 

A kn~wledge of the fate of fertilizer S in this present study 

provided rather limited information as to improving the efficiency of 

fertilizer S use. At most trials, leaching of fertilizer S beyond the 

topsoil was particularly significant in the period two months after 

fertilizer application. It is concluded that when conducting and inter

preting field trials with gypsum or when applying superphosphate, under 

farming conditions, particular note should be taken of the amount of 

rainfall after fertilizer application. Preventative measures to reduce 

the initial leaching include the use of well·granulated superphosphate, 

a __ ehange in application time and the addition of elemental S to super

phosphate mixtures. The introduction of deeper rooting plant species 

would also have considerable benefits on some soils. 
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The conclusions drawn from this study on the fate of fertilizer S 

in pasture-soil systems were based on the fact that no additional processes 

affecting the fate of fertilizer S were operative, other than those 

measured. Only at one SITE was full recovery achieved. At most other SITES, 

about 20.% of the added fertilizer was unaccounted for. Some of this loss 

may have occurred soon after application. It is concluded, therefore, that 

because 100% recove~ was not measured and because mean recovery values 

showed wide confidence intervals at some SITES, the magnitude of the 

processes measured may be subject to some error. Nevertheless, the 

differences established between processes are likely to be real. 

Future work on investigating the fate of fertilizer S applied to 

soils in the Canterbu~ district requires more replication and higher 

dosage rates of S35 than used in this present study. 
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