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Table 7.8 A comparision of camrier-free and carrier labelled sulphuf—35 incorporation in

the Teviot soil (preconditioned).

Incubation perod
(days)

% of the originally added 35g incorporated

carrier-free 355 sulphate-39g
T.0S.® HI-S C-S T.0S.° HI-S C-S
1 7.9 8.0 0.0 6.9 7.0 00
2 11.8 9.5 2.3 7.0 7.0 00
3 15.1 10.9 4.2 6.9 70 00
5 19.3 13.5 5.8 9.8 8.4 1.4
8 nd nd nd 10.8 9.6 1.2
10 274 150 12.4 n.d n.d nd
16 28.4 222 5.8 12.0 10.8 1.2
24 28.5 21.6 6.9 21.8 156 6.2
32 32.4 23.4 8.8 23.2 17.2 6.0

* total organic sulphur,
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7.3.2.3 Discussion (labelled sulphate-35s)

The results In Table 7.6 and the incorporation of 355 shown Iin Fig. 7.8 suggests that in bo’rh
solls immobilisation was the dominant process in the short-term. The Teviot (limed) soil
showing no 323 mineralisation during this perlod and incorporated about 10% of the
added 3%, These effects were more pronounced in the Mevyer soil where approximately
16% of the added 355 was incorporated along with significant immobilisation of 32804. It
is evident that the addition of sulphate-S has slowed the cycling of the added sulphate-
35.

Cycling of the sulphcn‘e-35s simulates the fate of sulphate fertilizer In these soils. By the
end of the 32 days, both of these soils had incorporated between 22-24% of the total 355
into organic fractions. Shor-term incorporations were higher in the Meyer solls, indicating
that a sulphur deficient soil can immobilise greater quantities of added fertilizer than soils
which already contain sufficient sulphate-S. [ qu‘incouroging to note that niether of
these soils showed large amounts of immobilisation of the added 353, more than 70% of
the applied sulphur was still present as extractable sulphate. This indicates that a large
proportion of the added sulphur fertilizer would be available for plant growth in these soils.
However, this may change if an extra source of carbon Is provided e.g. by fresh plant
residues. In that case, large amounts of added sulphate-S can become immobilised quite
quickly, as has already been found in studies with carrier-free 355, The rate of such an
immobilisation and reminerdlisation will entirely depend on the type and number of micro-
organisms In solls, The predominant incorporation into Hi-reducible forms of sulphur found
in both soils of added sulpho’re-35s can be explained from the studies conducted on
fungi, which increased Hl-reducible sulphur content when grown in sulphate rich culture
(Fitzgerald , 1976; Saggar et al., 1985). When fungi were grown in low sulphate-containing
solution they contained only 12% organic sulphur i)n the Hi-reducible form but in a high
sulphate solution this proportion increased to 37% of the organic sulphur. Therefore, 353
distribution in soil organic matter is perhaps related to the concentration of sulphate-S in
soil solution and it depends alsoc on the type of microbial population involved in the

cycling of sulphur.
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7.4 CONCLUSIONS

Incubation studies showed the effect of soil freatment on sulphur cycling in soil which
implies that cycling of sulphate-S is dependent on soll conditions before and af the time of
observation. Differences in the level of 355 incorporation were thought to be caused
mainly by the effects of soil freatment on microbial activity., Preconditioned soil showed a
slow but steady incorporation of the added carrier-free 355, Air-dried soil showed a faster
incorporation in The beginning but after reaching a maximum level of incorporation some
of the recently incorporated sulphur was remineralised. The remineralisation occurred
mainly from C-bonded forms of sulphur, which were mineralised to sulphate-S and also
transformed into Hl-reducible forms. Glucose-treated soil showed the fastest and highest
level of incorporation of the dddéd carrier-free 353, After reaching a maximum of 84%
incorporation at 32 days, it also showed considerable amounts of remineralisation and
ﬁcmsformoﬁon from the C-bonded forms. These studies further confirm that recently
incorporated fraction of carbon-bonded sulphur represents a mineralisable pool of

sulphur. It is likely that this fraction is largely composed of microbial tissues.

it can be concluded from these studies that there are two means by which inorganic
sulphate can be incorporated into organic fractions. Firstly, by direct utllisation of
sulphate-S by soil micro-organisms, where most of the incorporation is predominantly into
C-bonded forms (e.g. glucose-treated soib, and secondly, incorporation by extracellular
enzymes where incorporation is mainly into Hi-reducible forms (e.g. preconditioned soils).
Addition of sulphcn‘e-35s which altered the sulphate levels in soils showed considerably
slower and lower levels of incorporation compared to carrier-free 355, The two solls used,
representing sulphur sufficient and sulphur deficient solls, were not significantly different in
their incorporation characteristics, both resulting in between 22-24% incorporation after 32
days incubation, The results obtained here also show that the interpretation of the
sulphur-35 incorporation data must be made with caution as the soil pretreatment and

use of carrier sulphur greatly influence the overall cycling of sulphur.
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CHAPTER EIGHT

MINERALISATION OF SULPHUR RECENTLY INCORPORATED
INTO SOIL ORGANIC MATTER

8.1 INTRODUCTION

This part of the study is a continuation of the 35g incorporation experiments reported in
Chapter 7 in which the incorporation of radio-active sulphur into soil organic sulphur
fractions was discussed. After a period of incubation in the closed system and removal
of Inorganic sulphate-S, these soils were re-incubated using the open incubation system,
which allowed a study of the mineralisation of the recently incorporated sulphur, The
different soil freatments applied in the incorporation studies (Chapter seven) resuited in
varying amounts of 355 incorporation into Hi-reducible and C-bonded forms of sulphur.
Samples from these treatments therefore provided an opportunity to measure the

mineralisation of organic suiphur held in those two forms.
8.2 OBJECTIVES

The main thrust of this study was to examine the mineralisation potential of sulphur
recently incorporated into soil organic matiter and fo identify the form or forms of organic
sulphur which are most readily mineralised to sulphate-S. The study also aimed o
examine the effect of length of the original incorporation period on the subsequent

release of sulphqfe-35s from organic sulphur fractions.

8.3 MATERIALS AND METHODS

The soils used in this study and the analytical methods required for determining the

various forms of 328 and 35g were identical to those described in section 7.3.
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8.3.1 Re-incubgation

Three flasks from each of the soil freatments (preconditioned, air-dried and glucose-
treated) were taken after 32, 60, 90 and 120 days of closed incubation. These soils were
then packed into leaching columns and re-incubated in an open system (details of this
method been described in section 4.2.4). Sulphcn‘e—328 and sulphate-393 were removed
from soils by a slow leaching with 100 mi KHoPO4 solution (containing 500 xg P rril‘]). A
further leaching with 100 mi distiled water was carrled out to remove any phosphate
extracted sulphate which may have been left in the soil columns. The soil columns were
then incubated at 20 *C in darkness. Mineralised-SO,4 was leached from the columns
using 100 mI 0.01 M CaCl, solution every fwo weeks for a period of ten weeks. Both 32g
and 353 were measured in the leachates. At the end of the re-incubation period, affer
the final leaching, soils from the columns were analysed for adsorbed sulphur, biomass-

sulphur, Hi-reducible sulphur, fotal sulphur and carbon-bonded sulphur.

8.4 RESULTS AND DISCUSSION

8.4.1 Mineralisation of 325 and 395 orgemnic sulphur

Mineralisation results are separated into three sub-headings based on the pre-treatment
of soils during the closed incubation. These pre-treatments had distinct effects on the
nature of 355 incorporation into organic fractions (see chapter seven), therefore it is
appropriate to distinguish them from each other and describe their mineralisation
characteristics separately. The organic sulphur which was labelled with 355 during the
closed Incubation is regarded as recently formed organic sulphur and has been

described as recently incorporated sulphur.
8.4.1.1 Preconditioned soil

The period of closed incubation (32,60.90 and 120 days) of the preconditioned soil had
no significant effect on the amount of $O4-S mineralised during the 10 weeks of re-
incubation. Between 5 and 6% of the total organic sulphur was mineralised from the soil

during this period (Fig. 8.1). Mineralisation of sulphur-35, when expressed as a % of the
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total sulphur-35 incorporated into the soil, was much higher than the percentage of total
sulphur-32 mineralised by fhé solil (see Figure 8.1). This trend was apparent throughout
the re-incubation period, although the difference was greatest during the the first two
weeks of incubation. Where proportion of the 353 was mineralised approximately 8-10
Times faster than the proportion of sulphur-32. The mineralisation of a greater
percentage of recently incorporated 353 In this soil indicates that recently formed
organic sulphur is more easily mineralised compared to the bulk of the organic sulphur
present in the soil. More than 50% of the total 325 and 355 released during the ten week
incubation was mineralised within the first 2 weeks of incubation. With each successive
removal of minerolised-SO42', the percentage of 353 and 323 released during the next
two week incubation period decreased. - The ratio between 323 and 355, as measured
by the specific activity of the mineralised sulphate-S fluctuated considerably throughout

the re-incubation period.

The length of the original closed incubation period had a significant effect on the
release of 395 during re-mineralisation, particularly during the first 2-4 weeks of re- -
Incubation (see Fig. 8.1). The differences over the flrst 2-4 weeks are largely responsible
for the cumulative differences observed over the whole 10 week period (Table 8.1).
Between 25 and 50% of the labelled 353 was minerallsed from the soil during the re-
incubation, The longer the period of 35g incorporation in the closed system, the smaller

was the proportion of 333 released from the organic fractions during re-mineralisation.
8.4.1.2 Air-dried soil

The mineralisation characteristics of sulphur for the air-dried soil (Fig. 8.2) were similar to
those observed for the preconditioned soil. Approximately 3.6-5.5% of the total organic
sulphur was mineralised during the re-incubation. The pattern of 353 release from
organic fractions in this treatment was very similar to that of the preconditioned soil
where most of the release occurred within 2-4 weeks of re-incubation and thereafter
decreased considerably, with the increase in the incubation period. In comparison to
the preconditioned soil, for samples incubated originally for 32 days relatively higher
amounts of 355 were mineralised from the air-dried soil (38% compared 10 28% of the

total incorporated 358). As with the preconditioned soll, the cumulative mineralisation of
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355 decreased with an increase in the incorporation period i.e from 32 day to 120 day
(Table 8.1). A maximum of 54% of the labelled sulphur-35 was mineralised from the soil
incubated for 32 days whereas 29% mineralised from soil incubated for 120 days. As for .
preconditioned soil, the specific activity of the mineralised-SO42‘ fluctuated

considerably throughout the incubation period.
8.4.1.3 Glucose-trecited soil

Sulphate-S mineralised during the re-incubation of glucose-treated soil was slightly lower
than for the preconditioned and air-dried soils. Only 3.6 to 4.2% of the total organic
sulphur was mineralised. The glucose-treated soll contained large amounts of 35g
incorporated into the C-bonded sulphur fraction (see Fig 7.4) and showed a significantly
lower release of the 355 compared with the other two treatments. Only 7-8% of the
incorporated sulphur was released during the first 2 weeks of re-incubation. The pattern
of release of this sulphur was similar to that found Wi’rh the other two treatment, that s,
the relecse of sulphur decreased with an increase in the re-incubation period. On
average, 15-19% of the labelled sulphur was mineralised (Table 8.1). This would suggest
that the nature of the labelled organic sulphur in these solls incubated for 32,60 and 90

days was not affected by the duration of incubation period.

The mineralisation characteristics of the labelled sulphur-35 from all treatments described
above clearly demonstrates that recently incorporated sulphur is more ecsily mineralised
than the non-labelled native sulbhur. These resuits are consistent with the work of Freney
et al., (1975), who also incorporated 355 into organic fractions for 8 weeks and then
examined the uptake of the labelled and non-labelled (native) sulphur by sorghum
(Sorghum vulgaris). They found that recently incorporated organic sulphur was more
available to sorghum plants than the native sulphﬁr. The higher mineralisation of recently
incorporated sulphur is more likely due to the relative ease of the breakdown by soll

micro-organisms.

In relation to the recently incorporated organic sulphur, native soil organic sulphur is
more resistant to mineralisation. It appears that the longer the sulphur-35 remains in the

soil organic sulphur pool, the more it resembles to native sulphur (in terms of
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Figure 8.1 Minerdlisation of the recently incorporated sulphur—35 and native

sulphur in the preconditioned soil.
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Figure 8.2 Minerdlisation of the recently incorporated sulphur—35 and native

sulphur in the air—dried soils.
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mineralisation). It has been nofed in these experiments that native sulphur was

minerdiised at slower rates than the recently incorporated suiphur,

It is possible that sulphur cycling between inorganic sulphate and organic forms of
sulphur takes place faster than that can be monitored with 355, the longer a soil is
incubated the greater the number of times individual 355 atoms are likely to be
incorporated into organic compounds and remineralised to sulphate-S, It s
hypothesised that with each successive cycling of 355 a small proportion of the 355 i
incorporated into relatively non-mineralisable forms of sulphur, Therefore, as an
incubation proceeds the amount of 353 in such forms wil gradually increase. This would
explain why in the studies described above the extent of mineralisation of incorporated
sulphur-35 decreased with an inérecsed in the length of the original closed incubation.
These effects are highlighted with the preconditioned and the air-dry soils ﬁcble 8.1n.
However, in The case of the glucose-treated soil, length of incubation period had very
little effect on the subsequent release of 355, Addition of glucose would have increased
microbilal activity and thus the added 353 would have been cycled at a greater rate
than in either the preconditioned or air-dried samples, and the of less mineralisable
organic sulphur would have build-up at a faster rate. Therefore, the proportion of
sulphur-35 minerdlised from these samples was relatively less compared with the

preconditioned and air-dried soils.
8.4.2 Sources of mineralisable organic sulphur from the labelled and non-labelled pool

Since only 4-5% of the total organic sulphur was mineralised during the 10 weeks of
reincubation, relatively very little net change was detected in the amounts of total
organic sulphur (non-labelled, nafive) (Appendix 4). These results are consistent with the
studies reported In Chapter 5. However, the 355 data (Flg. 8.4) shows that sulphur was
mineralised not just from C-bonded sulphur forms of sulphur but from HI-reducible sulphur
as well. In some cases H-reducible 39S has been major contributor to the mineralised-
35804 e.g. the preconditioned soll which was originally incubated for 60 day and 90
days and similar results were also found for the cir-dried soil originally incubated for 120
days (Fig. 8.4). This indicates that there is much greater movement to and from the Hi-

reducible sulphur pool than non-labelled experiments would suggest.
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Mineralisation is not only dependent on the chemical forms of organic suiphur but also to
a large extent on the processes operating to decompose the organic sulphur fractions.

it is likely that in the open system, sulphur would be mineralised from HI-reducible
fractions by means of enzymatic reactions (biochemical) and also microbes would
decompose C-bonded sulphur to acquire the carbon for metabolic purposes as has
been suggested by McGill and Cole (1981). The extent of the biochemical process will
depend on whether the decomposition of organic matter releases sufficient sulphur for
microbial use or not. In case of deficient release, enzymatic mineralisation will also be

continued. Therefore, in this case, both fractions of organic sulphur will be mineralised.

A comparison of specific activity in sulphate pool prior fo reincubation (shown in Fig. 7.5)
and the specific activity in the mineralised sulphc’re-358 pool showed considerable
difference between the two values. This indicates that mineralisation of sulphur during

the reincubation period is taking place from a non-homogeneous labelled material,

The mineralisation of labelled organic sulphur can be classified as specific or non-
specific mineralisation. An example of specific mineralisation is shown in Figure 8.5
where the samples showed an identical minerdlisation pattern to that observed with
non-labelled organic fractions. These samples were freated with glucose and therefore
incorporated most of the sulphur-35 into C-bonded fractions. When re-incubated Théy
showed a significant decrease in this fraction and at the same time sulphur-35 in the Hi-
reducible either increased slightly or stayed at the preincubation levels. Therefore, most
of the minerdlisation of the labelled organic fractions in these soils has occurred from
specific form of sulphur i.e., C-bonded S, thus this type of mineralisation is referred to
specific mineralisction. Examples of non-specific mineralisation are shown in Fig. 8.4
where minerdiisation has occurred from both fractions (Hi-reducible and C-bonded).
Also, there is no set pattern as 1o when and how much of the each fraction was
mineralised. In some cases minerdaiisation of labelled sulphur was predominantly from the
Hl-reducible fraction (32 days incorporated, preconditioned soil) while in other case
mineralisation was mainly from the C-bonded fractions (60 days incorporated, air-dried
soil). Since mineralisation was not from any specific fraction, it is called non-specific

mineralisation.
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retained affter 10 weeks of incubation.
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Figure 8.5  Mineralisation of incorporated sulphur-35 from soils; (1) shows the amounts
of sulphur-35 incorporated into HI-S and C-bonded sulphur after 32,60, and
90 days of closed Incubation, (2) shows the amounts of sulphur-35 retained
after 10 weeks of incubation.
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Table 8.1 Total percentage of 353 mineralised during the 10 weeks of re-incubation

pertod at 20°C.

Soil treatments

Period of incorporation in a closed incubation (days)

32 60 %0 120
(% of total organic sulphur mineralised)
Preconditioned 49.17 39.88 31.36 25.43
Air-drled 54.64 35.64 27.80 28.88
Glucose-treated 18.94 16.12 15.51 n.d.

n.d = not determined
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8.5 CONCLUSIONS

Results from this study show that sulphur incorporated recently into organic fractions is
likely to be mineralised faster than that which has resided in the organic matter for longer
time in native sulphur. The amount of minerlisation from these pools is likely to depend on
the period of incorporation. Both forms of organic sulphur (HI-S and C-S) can be
mineralised depending on the sulphate status in soil solution and the micro-organisms
involved in the decomposition of the organic sulphur. The practical implications of these
findings would relate to the mineralisation of the immobilised sulphur under field
conditions where some of the immobilised sulphur can become available for plant
uptake. None of the soils showed a complete minercilisation of the recently
incorporated sulphur during the 10 week of reincubation. Mineralisation in soils from the
labelled pool varied between 15-55%. This gives an idea of the magnitude of the likely

mineralisation from the recently incorporated sulphur,
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CHAPTER NINE

REMOVAL OF HI-REDUCIBLE SULPHUR FROM SOIL ORGANIC MATTER
AND SUBSEQUENT MINERALISATION OF THE REMAINING
(C-BONDED) SULPHUR

9.1 INTRODUCTION

It Is believed that organic sulphur held in C-bonded forms is either mineralised directly to
sulphate-S or fransformed via an intfermediary step into Hi-reducible sulphur before final
minerailisation as sulphate-S (see section 5.3.2). However, there is no conclusive
evidence for the intermediary step. the hypothesis for its existence appear to be based
on results obtained from organic sulphur fractionation schemes (Freney ef al., 1971;
MclLaren and Swift, 1977; Bettany et al., 1979). The fraction of soil organic sulphur-
present as fulvic acid is often rich in Hi-reducible forms of sulphur and therefore thought
to represent an easily mineralisable sulphur fraction. However, in a pot experiment,
Freney et al., (1975) found that most of the sulphur mineralised from organic sulphur
came from C-bonded forms. A similar observation was made by McLaren and Swift .
(1977) studying long-term changes under field conditions. They found that the amount
of C-bonded sulphur decreased more than the Hi-reducible sulphur over 20 years of
continuous cultivation. More recent studies by Fitzgerald and co-workers (e.g.
Fitzgerald et al., 1984, Fitzgerald and Andrew, 1984) have shown that large proportions
of C-bonded compounds (e.g. methionine) added to soil are readily mineralised to
sulphate-S, which would suggest that sulphur held in C-S forms represents readily
mineralisable sulphur in soll. The rate of mineralisation of methionine reported by
Fitzgerald and co-workers was many times higher than that observed by Freney ef al.,
(1975) and MclLaren and Swift (1977) for mineralisation of recently incorporated/native
C-bonded sulphur in solls. Perhaps, a direct comparison of the rate of mineralisation of
pure amino aclds with that for native C-bonded sulphur Is not appropriate. The later

form of C-bonded sulphur is likely to be much more complex than simple amino acids.
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The confusion and the contradiction In sulphur studies reported so far s largely brought
about by a lack of understanding of the pathways of sulphur transformation in solls.
David et al., (1982), on the basis of studies to that date, suggested a conceptual model
involving the transfer of sulphur between C-bonded and HI-reducible forms of sulphur.
Experiments on sulphur transformations carried out by Strickland and Fitzgerald (1983)
show that sulphate-S is incorporated by soil micro-organisms into covalent compounds
(ester sulphates), which can then be re-mineralised enzymatically to sulphate-S.
However, studies conducted using 35804 show that sulphur is incorporated not only into
Hl-reducible forms but considerable amounts are also immobllised as C-bonded sulphur
(Freney ef al., 1971; MclLaren et al., 1985). In both of these Iatter studies, there was a
simultaneous incorporation of 338 into Hi-reducible sulphur and C-bonded sulphur

forms.

Unless the processes in sulphur transformation are fully understood, it is difficult to assess
the effect of soil organic sulphur in supplying sulphate-S for plant growth. If the two
organic forms of sulphur i.e. Hi-reducible or C-bonded sulphur could be separated from
each other, a study of their individual fransformation and mineralisation characteristics
could be made. This approach could provide a better opportunity to identify sulphur
transformation processes more precisely. The study reported in this chapter attempts to
remove the Hi-reducible forms of sulphur from the soll and then study the mineralisation
characteristics of the remaining C-bonded sulphur. This type of approach does not

appecar to have been attempted previouslky in studies of soil sulphur transformations.

9.2 PRELIMINARY STUDIES

A series of preliminary studies wére carried out to develop a method which could
remove Hl-reducible sulphur without affecting the C-bonded forms of sulphur in soil. This
involved acid hydrolysis of the soil which decreased the soil pH to an exiremely low
value and also altered the nutritional status of the soil. Thus a rehabilitation or
regeneration of the soil was required after the Hi-reducible sulphur removal before

mineralisation/transformation studies could proceed. The soil used for these
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experiments was the Teviot (limed) soil which originally contained 174 ug sulphur g“ as

Hl-reducible sulphur,
9.2.1 Removal of Hi-reducible sulphur

The technique involved in the removal of Hi-reducible sulphur from the soil organic
fraction should ideally extract maximum amounts of Hi-reducibie forms of sulphur while
having a minimal effect on the blological and physical status of the soil. Any disruption
- to the chemical composition of the remaining soit organic matter (especially C-bonded
S) should also be avoided. However, given the nature of Hli-reducible sulphur in soils
(Freney et al., 1969, it is unlikely that any extraction procedure will meet exactly the
qbove criteria. The Hl-reducible forms of sulphur consist mainly of covalent ester-
sulphates. By extracting soll with 0.04 N methanolic HCI for 3 days and then hydrolysing
the extracts with 6 N HCI, Freney (1961) managed 1o recover between 45 to 81% of the
Hi-reducible sulphur from five Australian solls. Although the extractant used in Freney’s
study was of relatively low strength (0.04 N HC) which may have kept the organic
matter relatively intact, the duration of the extraction (3 days) would have severally
disrupted the soil aggregates. Also, the effectiveness of the solution for extracting Hi-
reducible sulphur was poor, 19-55% of the Hi-reducible sulphur remained in the soil
(within the organic fraction). Therefore, to extract greater amounts of Hi-reducible
sulphur from the soil in a shorter period of time, a stronger hydrolytic treatment was

selected for this study.
9.2.1.1 Exiraction of Hl-reducible sulphur by shaking with 2N HCI

A serles of extraction experiments were carried out using 2 N HCI solution for different
lengths of time. Soil (10 g) was weighed into 100 ml polyproplyene tubes and 40 ml of
HCl solution was added into each tube. The mixture of soil and HCI was shaken on an
end-over-end shaker for 1.5, 3 and 6 hours respectively. The sample were then
centrifuged at 10,000 rpm for 10 minutes. The supermnatant solution was filfered through
Whatman filter paper No. 42 and analysed for sulphur using the reduction method (see

3.4.1).
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Table 9.1 Extraction of Hl-reducible sulphur with 2 N HCI, either by shaking on an
end-over-end shaker or by heating to 120 ° C for different lengths of time.

Treatment Time Amounts of S removed % of Hi-S removed
(min) (ug S g sol)”
Shaking
90.0 16.0£0.40 9-10
180.0 54.0£1.80 30-32
360.0 58.0£1.60 32-34
Bolling
10.0 146.0£4.2 _ 82-84
20.0 168.0£5.0 94-99

* mean t s.e of four replicates
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A maximum of 31-34% of the Hi-reducible suiphur was extracted with 6 hours of shaking
(Table 9.1). There was little increase in the amounts of extracted Hi-reducible sulphur
between 3 and 6 hours shaking, hence extraction for ionger period of time was not
considered. The lower extractability of Hl-reducible sulphur using these treatments
would tend to indicate that the hydrolytic energy provided by the 2N HCI is insufficient

to cause major hydrolysis of the Hl-reducible forms of sulphur.
9.2.1.2 Extraction of Hi-reducible sulphur by boiling with 2N HCI

A second set of experiments was carried out in which samples of soil (10 g air-dry) were
weighed into 150 ml conical flasks and 40 mi of 2N HCl added. The contents of the flask
were boiled for 10 and 20 minutes. During the heating. flasks were gently swiled 410 5
times to prevent foaming/bumping. The flasks were then allowed to cool for 30 minutes
before the supernatant solution was transferred info a 40 mi polyproplyene tube and
centrifuged at 10,000 rom for 10 minutes. The samples were then filtered and the filirate
wais analysed for sulphur by the reduction method (see section 3.4.1). The soil
remaining in the conical flask was washed twice with 20 mi of KHoPOy solution
(containing 500 ug P mi1) followed by another washing with 20 mi of distilled water,
These washings ensured that any hydrolysed soluble sulphcate was removed from the
soll. Solls were then cir-dried In the laboratory at 20 °C. The sulphur remaining as
organic sulphur was analysed for total organic sulphur, HI-REDUCIBLE sulphur and C-

bonded sulphur using the methods described In section 3.5.

H |
ROSO3" + HOH > ROH + 80,42 OHE L ©.1
Heat

(hydrolysis of the sulphate ester when reacted with HCI)

Boiling the soils with HCI extracted significantly higher amounts of Hl-reducible sulphur than
by shaking alone at room temperature. Heating appeared o increase the hydrolysis of
ester sulphate compounds. A 10 minute boiling removed between 82-84% of the total Hi-

reducible sulphur from the soll (Table 9.1), and when extended to 20 minutes removed
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94-99%. This Indicates that the 20 minutes boiling with 2N HCI hydrolysed most of the Hi-
reducible S. However, because the amount of sulphur determined in these extracts may
not be all from the Hi-reducible S, the residual soll had to be analysed for organic sulphur
fractions 1o check whether the amount measured In the extract was truely derived from
Hl-reducible forms of S, Results presented in Table 9.2 confirm that most of the sulphur
hydrolysed during the boiling process had come from the Hl-reducible fraction. Analysis
of the treated solls showed that during bolling, small proportions (3-5%) of the C-bonded
sulphur were also removed. Since about 95% of the C-bonded sulphur was retcined in the
soil and most of the Hl-reducible sulphur was removed from the 20 minutes boiling, this

separation technique was chosen for further studies.

9.2.2 Rehabilitation of soil

Prior to studying the mineralisation of the residual (C-bonded S) sulphur, it was necessary
to rehabilitate the solls by re-introducing soil micro-organisms, adding nutrients and
increasing soil pH. The treatment applied to remove the Hi-reducible sulphur from the soil
would have had adverse affects on the microbial popuiation. Therefore, it was essential
to ensure that prior to incubation, the soil was inoculated with the micro-organisms
present in the soll prior 1o the hydrolysis treatment. The Hi-reducible sulphur separation
treatment also lowered the soil pH to an extremely acidic level (pH s 2.4). If solls were
reincubated at that pH, it would have severely affected the re-establishment of a
microbial population. Hence, the soll pH was raised to the original level. The acld
treatment and extensive washing of the soil with KHoPO4 carried out essentially fo remove
the hydrolysed sulphur would also have removed various soluble nutrient cations and
anions and some carbohydrates and possibly proteins. Therefore, essential cations and
anions were added to the soil prior to incubation. The following reagents and materials

were used In the rehabilitation of the treated soil;

(o) Buffering capacity of the treated soil Five samples (5 g) were weighed in 50
mi beakers and varying amounts of 0.5 M NaOH solution were added to the
soll. The soll solution ratio was adjusted to 1:2.5 by adding distilled water.
This mixture was stirred well to form a slurry and left to stand for 2 hours

before the pH of each sample was measured with a glass electrode pH
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meter. Each successive addition of NaOH increased the pH of the soil (Fig.
9.1). It was calculated from this buffer curve that approximately 0.75 g of
Ca(OH)y was required for every 25 g of the treated soil to increase the soil

pH 1o its original level (4.9).

(b) Ineculum Samples of soil (untreated) which were preconditioned at 75% field
capacity moisture and 20 °C for two weeks were weig‘hed 6.0 @ into 40 mi
polyproplyene centrifuge tubes, These samples were extracted with 20 mi
distiled water on an end-over-end shaker for 2 hours and were then allowed
to settle for 1-2 hours. One ml of supernatant solution together with 0.1 g
preconditioned soil were then used as an inoculum for each 25 g of the
treated ¢hydrolysed) soil. The samples were well mixed after addition of the

inoculum.

(e) Nutrient solution A nutrient solufion was prepared contdining 80 ppm nitrogen
as NOg", 10 ug of Ca?* and Mg2* and 2 ug Cu?t Mn2* Zn3+ Mo+ and
B3*+per ml solution. Phosphate and potassium were not included in the
nutrient solution because during the last washing, solls were treated with
KHoPO4 (containing 500 ug P ml'1) which would have left sufficient amounts
of these two nutrients in the soll. 2 mi of the nutrient soluﬂdn was added to

each 25 g of treated soll.

(d) Glucose solution A 31.25% D-glucose solution was prepared in distilled water
and 4 mi of this solution was added to each flask (containing 25 g air-dry
soil). This addition of glucose provided 2% organic C (easily metabolisable

source of C) on air-dry weight basis.

Samples of the treated soll were weighed (25 @) Into 120 ml glass bottles. The soil was then
moistened to 20% (w/w). Soil pH was increased from 2.4 1o 4.9 by adding Ca(OH), to the
soil. Soll samples were thoroughly mixed twice with an interval of 15 minutes in between,
Soil microbial inoculum (1 mD and 0.1 g of preconditioned soll as culture were also added
to each bottle. Nutrient solution (2ml) as described above was added and soils were re-

mixed.
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To examine whether a source of carbon was also required to stimulate microbial activity,
a comparison was made between samples containing 2% C added as glucose and
samples with no addition of carbon. To measure the microbial activity in the samples, |
COy evolution was measured over a period of 14 days. CO, evolution from these
samples was also compared with the evolution from the original preconditioned, non-
treated soil. Resuits from the three types of samples are shown In Fig. 9.2. Soil without any
additional carbon showed a lower microbial activity than the control (original
preconditioned sol) during the first three days of incubation. Between 4 days and 12 days
of incubation, the respiration rates in the treated soil was similar to the control but
thereafter microbial activity in the treated sample decreased significantly below that of
control. These results suggest that microbial activity in the treated (hydrolysed) soil s
limited by the availability of a suitable carbon substrate. Addition of glucose to the
treated soil produced significantly higher microbial activity throughout the incubation
period. However, a sharp decline in the microbial activity was observed after 4 days

suggesting that the added carbon was quickly assimilated or metabolised.

9.3 MINERALISATION OF C-BONDED FORMS OF SULPHUR

It has been shown in the preliminary experiments that Hi-reducible sulphur can be
removed successfully from soll organic sulphur with minimal loss of carbon-bonded forms
of S. Such a removal of Hi-reducible sulphur allows a study of the mineralisation and
transformation of the remaining organic sulphur i.e. C-bonded sulphur. However, small
changes in the size of the C-bonded sulphur pool (less than 2 ug sulphur g‘] soi) would be
difficult fo detect using current analytical techniques. This problem could be overcome
by labelling of the C-bonded sulphur with sulphur-35, thus enabiling the transformations of
sulphur to be measured accurately by tracing the appearance of 355 In the Hi-reducible
fraction or in the KHoPO4 extractable sulphate-S bool. It is known from the previous studies
(see section 7.3.1.2.3) that (in the short-term) soils treated with glucose-C, incorporated
added 353 mainly into the C-bonded forms of S. Following this procedure would therefore

enable C-bonded form sulphur to be labelled with 35g,
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9.3.1 Materials and methods

9.3.1.1 Incorporation of 335 into C-bonded forms of sulphur

Three kg of air-drled Teviot (limed) soil was taken for 355 incorporation into C-bonded
forms of S. It is difficult to apply carrier-free radio-active sulphur homogeneously to such a
large sample. Therefore, it was essential to subdivide the soll info smaller portions so that
the applied sulphur-35 could be thoroughly mixed in. Six sub-samples (500 g each) were
weighed into crystallising dishes (230 mm diameter). Carrler-free sulphur-35 solution,
prepared in distilled water (100 ml, containing 10 Ci mi"1y was added in four portions to
each sub-sample (2 uCi sulphur-35 g'1 soil). Soils were mixed thoroughly after each
addition of radioisotope solution. In order 1o facilitate incorpeoration of the added 355 into
C-bonded forms, 125 ml of 10% glucose solution was also added to each sub-sample (1%
glucose-C on a soil air-dry welght basis). After a final mixing each sub-sample was then
transferred to a 5 | conical flask. The soil moisture content were adjusted and maintained
at 75% of the field capacity and the flasks were incubated at 20 °C for 24 days. On the
16th day of the incubation, 20 mi of the glucose solution was added to each flask to
further ensure maximum incorporation of the added sulphur-35 Is into the C-bonded
fraction. At the end of the incubdation period, soils were sub-sampled (two samples, each
sample 5 g) to determine the percent incorporation of the added sulphur-35 and also the

amounts of sulphur present in the different soil sulphur pools (see table 9.3).
9.3.1.2 Separation of HI-reducible forms of labelled and non-labelled sulphur

The soil in each conical flask (490 g) was treated with 1.96 | of 2N HCI solution. The flasks
were then heated to bolled for 20 minutes. The heated mixture was then allowed to stand
for 2 hours. Small volumes of supernatant solution (20 ml in dupliccfe) were then placed in
40 mi polypropylene tubes and centrifuged at 10000 rpm for 10 minutes and filtered as
described in the preliminary studies. These soluflons were analysed for sulphur 1o check
the amount of sulphur removed from the soil. The amounts of sulphur in the separated
extracts were cotrected for sulphate-§ which was present as KHyPO 4 sulphate in soil. The
remaining contents of the flask were then filtered using buchner funnels. To ensure that

the hydrolysed sulphur and excess HCI was removed from the soils, the treated soils were
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washed Initially with 11 of KHyPO, solution (containing 500 ug P mi~1) followed by
subsequent washing with 11 distiled water and 1 liter of KHoPOy. The treated soil was then
air-dried at 20 °C in the laboratory. The soll was analysed for KHoPO 4 extractable

sulphate-§, Hli-reducible sulphur and total organic sulphur (see section 9.3.4).
9.3.1.3 Rehabilitction

All the treated soil (six sub-samples) was bulked together and thoroughly mixed before
weighing subsamples (25.0 @) into 150 ml conical flasks. The soil in each flask was
rehabilitated by adding soil inoculum, nutfrient solution, Ca(OH), and distiled water (for

details see section 9.2.2).
9.3.2 Soil treatments

The amount of mineralisation from the C-bonded sulphur fraction can be controlied by
providing an extra source of carbon (see section 6.3.5). Addition of sulphur along with
carbon should reduce the mineralisation of carbon-bonded sulphur and addition of C.S,
and N should certainly decrecase the minerdlisation of C-bonded sulphur even further.
Therefore, the following four treatments were applied o the rehabilitated soll in order to
examine the biological mineralisation of C-bonded sulphur in relation to the dichotomous

model of sulphur cycling as proposed by McGill and Cole (1981).

1. Control rehabilitated soil.

2. Glucose 1% glucose-C was added to the rehabilitated
soll.

3. Glucose, sulphate 1% glucose-C and 5 ug sulphate-S g“1 soll

were added to rehabilitated soil.
4. Glucose, sulphate, 1% glucose-C, 5 ug sulphate-S and 20
nitrate ug nitrate-N g™ ! soil were added to the
rehabilitated soil,
Soils were incubated in conical flask (closed system) at 30 °C and 75% moisture. Three

flasks were sampled from each treatment after 4,7,14,28 and 40 days of incubation.
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Microbial activities in each freatment were determined by measuring the rate of COy

evolution as described in section 3.7,
9.3.3 Resulis
9.3.3.1 Removal of Hi-reducible sulphur

Most of the Hi-reducible sulphur was removed from the soil by 20 minutes boiling with 2N
HCI (Table 9.3). Less than 1 ug sulphur g'] soll could be detected as Hi-reducible sulphur in
the treated soil. More than 99% of the native Hi-reducible 325 and 96% of the labelled H-
reducible 3% was removed by the separation method adopted here. However this
procedure also hydrolysed 10% of the native C-bonded forms of sulphur and
approximately 40% of the incorporated C-bonded 355, Thus the sulphur released from this
readily hydrolysed C-bonded sulphur fraction was more highly labelled than that
remaining in the soil. The amount of C-bonded sulphur hydrolysed during the Hl-reducible
sulphur separation was slightly higher than that observed during the preliminary studies
(Table 9.2).

9.3.3.2 Microbial activity during the incubation

Microblal activity In the soil increased to a maximum at about 14 days in the glucose
treated samples and thereafter decreased with the increase in the incubation period (Fig.
9.3). The control treatment showed a significantly lower level of microbial activity
compared to the soils treated with glucose (freatment 2,3 and 4). The differences in the
early stages of the incubation were particularly large, where the glucose treated samples
showed 8 to 10 fold more CO, evolution than the control. During the later stages of the
incubation, the differences in CO, evolution between the control and the glucose-
treated samples narrowed down considerably. This would have been caused by the

depletion of easily metabolisable carbon during the later stages of the incubation.
9.3.3.3 Mineralisation and fransformation of the C-bonded sulphur

There was very little effect of adding glucose, nitrate or sulphate on elther the pet amount
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Table 9.2 Amounts of organic sulphur remaining in the soil after boiling with HCI for 10

or 20 minutes.
Treatments Total organic S Hl-reducible S C-bonded S
(ug sulphur ™! soil)
Control 406.0(100)! 174.0(100) 232.0(100)
10 minutes 265.0(65) 35.020 225.007
20 minutes 224.0(55) 2.6(1.5) 219.4(95)

1. Values In parentheses are the percentages of the original organic sulphur remaining in
individuail fractions.
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Table 9.3 Amouhf of sulphur-35 and sulphur-32 in the soll before and after the removal

of Hl-reducible sulphur. Values reported in this table are the means of the six

sub-samples. There was less than 3% s.e. from the mean values.

Treatment Total organic S Hl-reducible S C-bondedS  8O4§
Before Hi-reducible S removal

Sulphur-35" 88.0 16.0 740 120
Sulphur-32 (ug Sg°! soil 406.0 | 174.0 232.0 15.0
After HI-reducible S removal

Sulphur-35" 44.4(50.5)] 0.6(3.5) 435(58.7)  0.2(1.9)
Sulphur-32 (ug S g'] soid 210.061.7) <1.0(0.5) s210.090.5) <0.5(2.5)

*. percent of the orginally added activity (2 «Cl g soi.

1. values presented inside the parentheses represent the percentage of 325 and 353

remaining before and after the Hl-reducible S separation in individual sulphur

fractions.
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of sulphur mineralised from the C-bonded sulphur as sulphcfe—35s or its pattern of
mineralisation during the incubation. On average, 3-4% of the total sulphur-35 retained in
the C-bonded sulphur fraction was mineralised affer 40 days (Fig. 9.4). Most of the
minerdlisation occurred in the early stages of incubation, where between 60% and 75% of
the total mineralised sulphc’re-358 was released within 4 days. It appears that addition of
sulphate and nitrate to glucose (Treatment 3 and 4) increased the mineralisation of
labelled organic sulphur. These effects were obvious in the early period (between 4 and 7
days of incubation) where significantly higher amounts of 358042' was released

cormpared to the control and glucose treated soils.

Addition of glucose, nitrate-N and sulphate-S had a significant effeb’r on the amount of
net mineralised sulphur, shown cé sulphate-Sin Fig 9.4. The control treatment showed ¢
rapid release of sulphate In the Initial stages of the incubation followed by a slight re-
immobilisation of some of the mineralised sulphate, and finally a significant increase in net
mineralised-SO4 between 28 and 40 days. Soil freated with glucose alone (Treatment 2)
showed a similar pattern of sulphate release to the control soil. However, the amount of
sulphate released during the first 14 days was comparatively lower than the control soil.
This was probably due to the higher microbial activity during that period (Fig. 9.3) resulting
the immobilisation of the mineralised-SO4 within the microbial biomass. When microbial
activity declined after the 14th day of incubation, some of the immobilised suiphur was
released from the microblal tissues as sulphate-S, giving an increase in the amount of net
minerallsed-SO42'. However, Treatments 3 and 4 showed a reverse trend of sulphur
mineralisation/immobilisation than that observed with the glucose-treated soil. Addition of
sulphate and nitrate with glucose increcsed the mineralisation of C-bonded sulphur in the
early stages but later on the effect of these nutrients appeared to have somewhat
disappeared (Fig. 9.4). This was evident also from the microbial activity which was
reduced considerably between 14 to 40 days (s it was with the Treatment 2). This might
have been expected fo result in a release of sulphate-S from the declining blomass as
observed with glucose treated soils, but rather than release of sulphate-S in there was

gradual immobilisation of sulphate-S.

The amount of C-bonded sulphur transformed into Hi-reducible forms of sulphur during the

40 days incubation period is shown in Fig 9.5. The fransformation shown in this figure has
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been corrected for the amount of Hi-reducible 325 and 353 which were either added with
0.1 g soils as inoculum or remained after the removal of the bulk of the Hi-reducible
sulphur from the soil. Most of the transformation of C-bonded sulphur to Hi-reducible
sulphur occurred in the first four days of the incubation. There was no significant
difference in the amount of 358 transformed to Hi-reducible sulphur between treatments
1.2 and 3, where approximately é to 7% of the C-bonded sulphur was transformed.
However, it appears that addition of glucose, sulphate and nitrate to the soil (Treatment 4)
has encouraged the transformation process, resulting in significantly higher amounts of C-
bonded sulphur transformation than in the other freatments (8.5% of the total C-bonded

353 wass transformed to Hi-reducible sulphur after 40 days of incubation, Fig. 9.5).
9.3.4 Discussion

The procedure used to remove Hi-reducible sulphur showed nearly complete removal
(99%) of Hl-reducible sulphur from the soil, which Is a significant improvement over the
method used by Freney (1961) which removed only 45 10 81% of the total Hi-reducible
sulphur, However, the freatment employed in this study to remove Hi-reducible sulphur is
non-selective in its hydrolytic action. It also hydrolysés part of the C-bonded sulphur from
the soil organic matter. The fraction of the C-bonded sulphur lost during the separation of
HI-reducible sulphur contains a high proportion of recently incorporated sulphur. About
42% of the labelled C-bonded sulphur which was incorporated during the original 24 day
incubation was lost during the Hi-reducible sulphur removal process. Loss of a relatively
high proportion of labelled C-bonded sulphur which has been recently incorporated into
organic forms of sulphur suggests that the fraction of C-bonded sulphur lost during the
hydrolysis may have been a relatively highly active pool of C-bonded sulphur. Since it has
been found that recently incorporated sulphur is more easily mineralised than sulphur
which has been part of the organic fraction for a longer period of time (see section 8.4),
this loss could have had a major effect on the subsequent mineralisation of sulphur from
the treated soil. The 398 remaining as C-bonded sulphur may not have been as labile as
that lost in the hydrolysis. This may be one of the reasons why very low amounts of C-
bonded sulphur were mineralised during these experiments. However, the remaining C-
bonded 393 was apparently still more labile than the native (non-labelled) C-bonded

sulphur. The proportion of 353 mineralised to sulphate-S was either equal to or greater
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than the proportion of total sulphur mineralised (Fig. 9.4). More evidence of the Iabile
nature of the labelled fraction is shown in the transformation of C-bonded sulphur to Hi-
reducible sulphur. A higher proportion of C-355 was transformed to Hi-reducible 355 than
for non-labelled sulphur (328) (Fig. 9.5). On average, 8 to 10% of the C-bonded 355 was
transformed during 40 days of incubation, 3-4% was mineralised to sulphate and 5-6% was
transformed 1o Hi-reducible sulphur, Formation of Hi-reducible sulphur during these studies
confirms at least one step in the sulphur cycle that is C-bonded forms of sulphur are
transformed to Hl-reducible forms of sulphur in soil. The actual pathway of C-bonded
sulphur transformation to Hi-reducible sulphur however, can not be confirmed from these
studies, because the appearance of Hi-reducible sulphur and sulphate-S occurred

simultaneously.
9.4 CONCLUSIONS

Results have shown that the Hl-reducible sulphur form of sulphur can be removed

completely from the organic sulphur fraction with a minimum loss of C-bonded sulphur,

The remaining organic sulphur (.e. C-bonded S) studied In isolation has been shown to be
mineralsed to sulphate-S and transformed to Hl-reducible forms of sulphur. On the basis
of the results obfained in this study it can be concluded that C-bonded sulphur in soils is a
primary source of mineralisable sulphur. Approximately 10% of the C-bonded sulphur was
mineralised/transformed 1o 3042' and Hl-reducible sulphur during the 40 day incubation.
Howaever, the amount of mineralisation of C-bonded sulphur which occurred in this
experiment cannot be compared directly to the likely amount of C-bonded sulphur
mineralised In soils. The reasons for this reservation are that the use of acid hydrolysis for
separating Hi-reducible sulphur may have affected the nature of C-bonded sulphur in soil
and aitered microbial activity. Studies reported in this chapter can be used as mean of
examining the nature of soil-orienfed C-bonded sulphur. However, further work is needed
to improve the method of HI-separation so that the losses of C-bonded sulphur can be

minimised.
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CHAPTER TEN

SEASONAL FLUCTUATIONS OF SULPHATE-S AND
BIOMASS-S IN SOILS

10.1 INTRODUCTION

Anailysis of soil sulphur is used to estimate "rhe likely amounts of sulphur available for plant
uptake. Since plants utilise the 8042‘ form of S, soils are commonly andlysed for
extractable sulphate to predict deficiency or sufficiency. In some cases soll tests for
sulphate-$ have shown good relationships with plant yield (Spencer and Freney, 1980;
Saunders and Cooper, 1984; Westerman, 1974). However, soil testing for sulphate-S in
temperate areas has had variable success because the size of the soll sulphate pool
varies over short periods of time (Blair, 1979). The main problems are caused by short-term
fluctuations in moisture and temperature which greatly affect microbial activity (Willams,
1967). Therefore soll tests which measure only SO4-S at the fime of sampling. and assume
that it is a constant value, have given less than satisfactory results. In New Zedland.
seasonal fluctuations in moisture and temperature are rapid and hence fertilizer
recommendations based on soil tests alone have often shown poor plant yield (Comforth

et al., 1_983).

The study presented in this chapter was designed to examine the seasonail fluctuations in
soil sulphate-S in pasture, fallow and ploughed land. The study also measured seasonal

fluctuations in biomass-S levels, which is believed to represent a labile pool of soil sulphur.
Examination of these two sulphur pools should provide a better understanding of sulphur
fluctuations In the soil system. Aftempts are made to explain the reasons for observed

SO4-S and biomass-S fluctuations in the soil.



234

10.2 MATERIAL AND METHODS

A field trial was conducted on Wakanui silt loam soll, classified as a recent yellow/grey '
earth/gley integrade. This soll has <60% P retention and receives between 500 and 750
mm of rain annually, therefore can be classified as a slow to moderate sulphate leaching
soll, having a sulphate leaching index of 3 on a 0-6 scale (Sinclair and Saunders, 1984).
The area chosen for this experiment had been under pasture (white clover and ryegrass)
for af least five years, and had been top dressed annually with superphosphate @ 25 kg P
ha for the last two vears (1984-85). An areda 17 m x 17m was selected was selected for
the trial. The spatial varlability of KHyPO,4 extractable SO4-S in the soil was determined
prior to the application of treatments. A total of 12 samples were collected from the area
of the trial surface layer (0-7.5 cm) and analysed for sulphate-S. Resuits ranged from 5.9 to
6.8 ug sulphate-S g'] soil with a mean value of 6.4:0.09 ug SO4-S g" soil. These vaiues of
sulphcte-s indicate less than 5% deviation from the mean value across the proposed

experimental area. Other soil properties are listed in Table 3.3 and 3.4 respectively.
10.2.1 Experimental design

The trial was laid down in a completly randomized design. A layout of the trial is shown in
Fig. 10.1. Treatments were randomly allocated to 3 X 3 m2 plots. A group of three plots
(4.6 and 8) were maintained as pasture plots, plots 3.5 and 9 were ploughed and the

remaining three plots (1,2 and 7) were maintained as fallow land.

Fallow and ploughed plots 1,2,3,5.7 and 9 were sprayed with 1% Roundup (active
ingredient glyphosate) and 1% Velpar (active ingredient 3-Cyclohexyl-6(dimethylamino)-
1-methyi-1,3,5-triczine-2 A(1 H,3H)—dione) in mid November, 1986. These herbicides were
effective in kiling most of the plants within 6-10 ddys. Dead plants were pulled out from
the plots. This was necessary to avoid the decomposition of plant material in soil. Five
weeks later, plots 3,5 and ¢ were cultivated using a rotary hoe, and they were cultivated
again in September, 1987. To maintain the fallow plots 1,2, and 7 free from vegetation,

another spraying of 1% Velpar herbicide was carried out early in September, 1987.
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/
1. Fallow 2. Fallow 3. Ploughed
4. Pasture 5. Ploughed 6. Pasture
7. Fallow 8. Pasture 9. Ploughed

Figure 10.1 Digramatic representation of the field trial conducted at
Lincoln College Field Service Centre in 1986—1987.
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10.2.2 Sample collection and analysis

Soil samples were collected from 0-7.5 cm soil depth. Three cores (2.5 cm) were augered
from each plot at monthly intervals between December, 1986 and December, 1987, The
cores from individual plots were bulked together and screened through a 2 mm sieve.
Screening was aimed to separate coarser plant residues which otherwise might interfere
with the sulphur analysis. In cases where soils were excessively wet then soil samples were
air-dried to 50% of the F.C. prior t0 screening. Soils from each plot were analysed in
triplicate for KHoPO,4 extractable S and biomass-S. Detalls of these methods are described
in section 3.5.2 and 3.7 kespecﬂvely. These analysis were carried out on moist samples.

Results were corected for moisture content.

Pasture plots were harvested from time to time and the total sulphur content in the
herbage was determined using the oxidation/combustion method (Steinbergs ef dl..
1962), Data for soil temperature at 10 cm depth and rainfall were obtained from the

Lincoln College Meteorological Observation Station.

10.3 RESULTS AND DISCUSSION

10.3.1 Seasonal fluctuation in sulphate-$ and biomass-$

Seasonal fluctuations are in sulphate-S caused by microbial activity, leaching, run-off,
atmospheric Input and plant uptake. The balance between these five factors determines
the Iével of sulphate-S in soils. Interactions between these factors vary from season 1o
season. The seasonal effects on sulphate-S fluctuations in this study are shown in Fig.
10.20. and can be divided into three periods; fluctuations during the summer of 1986,
fluctuations during the winter of 1987 and fluctuations during the spring and beginning of
summer 1987, At the beginning of the trial i.e. during the summer of 1986/87, there were
no significant differences In sulphate-S levels between the pasture, ploughed and fallow
plots. During this period of fime sulphate-S levels remained between approximately 6 and
7.5ugS g'] soil. In May. 1987, the sulphate-S level decreased by more than 50%, from 6 to

2.5-3.0 ug S g“] soll. This decrecase occurred in soil from the plofs of all three treatments.
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Figure 10.2 Effect of monthly rainfall and average soil temperature at 10 cm
soil depth on sulphate—S fluctuations during the year.
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Table10.1 Total sulphur concentration in plant tissues harvested from the pasture plots
during the year. First cut was in December, 1986 and six cut was made in

November, 1987.

Harvesting number Harvesting time Total concentration of S
(month/year) (% of dry matten”

First cut 12/86 0.27£0.05

Second cut 2/87 0.25:0.03

Third cut 3/87 0.26:0.08

Fourth cut 8/87 0.27:0.06

Fifth cut 9/87 0.23:0.06

Sixth cut 11/87 0.2420.03

* mean t s.e, of three determinations.



240

The levels of sulphate-S decreased further during the winter months (May-August). The
reasons for these decreases are discussed in the following section. From August 1987,
sulphate-S levels started increasing again as the temperature increased. The plot
treatments had a significant effect on the amounts of sulphate-S present during this period
(August-December 1987). In particular the pasture plots had significantly lower amounts
of sulphate-S than the other fwo treatments. This was possibly due to uptake of
mineralised sulphur by growing plants, leaving less sulphate-S in the soil solution. Levels of
sulphate-S in the last fwo months of 1987 were lower than they were in 1986 at the same
time. During the period when soil sulphate-S levels were adequate (December 1986 to
April, 1987) |, plants showed higher concentration of sulphur, containing between 0.26 and
0.27% S on the plant dry matter weight basis (Table 10.1) and when sulphate-S in soil
recached towards deficlent levels in the summer 1987 (between 3 and 4 ug sulphate-S g"
soil), plant sulphur concentration also showed a corresponding decrease. Sulphur
concentration in plants during this period ranged between 0.23 to 0.24%. (Table 10.1).
According to the values suggested by Comforth (1981), total sulphur in mixed pasture
herbage should be above 0.27% of the dry matter. The plants in the Ictter stages of this
study contained below this optimum concentration and hence could be considered

sulphur deficient.

Seasondl fluctuations in microbical biomass-S levels in the soil are shown in Fig. 10.3a. The
amounts of biomass-S were lower in the summer of 1986/87 compared 1o the
spring/summer of 1987/88. It Is known that soil microblal activity is higher at higher
temperatures (Williams, 1967). However, despite the high temperature during the 86/87
summer, biomass-S remained relatively low. The reason for this could be due to low
moisture content during that period. There were af least three months (Dec. 1986, Jan.
and April, 1987) when plants were suffering from acute water stress, where soil moisture
content was approximately at wilting point (Table 10.5). Under these conditions micro-
organisms would have had to compete for moisture with plant roots and therefore may
have suffered moisture stress. This would have reduced the microbial biomass in soils
resulting In lower biomass-S and possibly, dead microbial cells may have contributed 1o

the higher levels of sulphate-S recorded during that period of time.
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There were significant effects of soil freatments on the amount of blomass-S. The effects of
tfreatments were clearly obsérved between April and December, 1987, where biomass-S
levels in the ploughed and fallow plots were significantly lower than those in the pasture
plots. The lower amounts of biomass-S in the ploughed and fallow plot may have been
initially caused by the herbicide freatment, but later affect may have been due to
seasonal variation caused by lower temperature, moisture and possibly lack of
metabolisable nutrients. Blomass-S as a percentage of the total su!phur in these plots
ranged from 0.37 to 1.42 (Table. 10.2). In general, the amount of biomass-S was lower in
the winter and increased in the summer. Biomass-S in the pasture plots varied between
0.59 to 1.79% of the total sulphur. These variations are not only dependent on soil
temperature and nutrients but also soil moisture, which plays an important role in the
build-up of microbial population. Soll moisture atf the time of sampling shown in Table 10.5
indicates at least three occaslons when soll moisture was below the wilting point, When
moisture reaches that level then competition between plant roots and micro-organisms
for the moisture remaining in the soil increases. Plant roots having large surface area
would probably utilise most of the soil moisture and this would have adverse effects on the
microbial population. Moisture may have had some effect on lowering biomass-S during

December 1986 to April 1987.
10.3.2 Effect of rainfall and soil temperature on sulphur fluctuations

There are a number studies which have shown that losses of 8042' in field conditions are
assoclated with the amount of rainfall ( e.g.. Goh and Gregg. 1982; Kuhn and Weller,
1977). The higher the rainfall the higher is the loss of sulphate-S from surface soil. There is
also sufficient evidence to suggest that soll temperature Is an important factor in sulphur
mineralisation (e.g., Tabatabal and Al-Khafall, 198 1) suiphate-S concentrations increasing
with temperature. Therefore, an attempt was made to relate the changes in sulphatfe-S
levels observed in this study with the monthly rainfall and average monthly temperature at
10 cm soil depth. The relationship between these two factors and the seasonal fluctuation
in soil sulphate-S levels is shown in Fig. 10.2b. Clearly, monthly rainfall showed no
relationship with the loss of SO4-S. However, soil temperature shows a much better
relationship with the changes in sulphate-S observed during the year. An increase or

decrease in soil temperature is followed by an increase or decrease in sulphate-S in soil.
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Table10.2 Percent of total sulphur held in soll microbial biomass in pasture, ploughed

and fallow plots during the year.

Sampling time (Biomass-S as percent of total S in soil)
(month/year) Cultivation practice
Pasture Ploughed Fallow

12/86 1.30 0.75 0.99
1/87 1.24 0.99 0.76
2/87 0.92 0.94 0.71
3/87 0.68 0.82 0.69
4/87 0.59 A 0.47 0.38
5/87 1.20 0.77 0.48
7/87 1.72 0.75 0.37
8/87 1.43 0.44 1.28
9/87 1.79 1.46 0.98
10/87 1.76 0.72 1.10
11/87 1.64 1.12 1.19

* total sulphur in these solls was 250 ug g™ soil.
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Table10.3 Rainfall required to cause leaching in relation to water holding capacity of

the Wakanui silt loam soil (Greenwood, personal communication).

soil depth available water 75% of the AWC rain required to
capacity (AWC) cause leaching
(cm)
(mm)
0-5 6.6 4.9 4.9
5-10 7.7 58 10.7
10-15 7.1 5.3 160
15-20 7.4 5.6 216
20-25 8.4 6.3 27.9
25-30 8.2 6.2 34.1
30-35 6.6 49 390
35-40 6.0 45 43.5
40-45 6.0 4.5 48.0
45-50 6.6 50 53.0
50-55 7.3 5.5 58.5
55-60 7.4 5.6 64.1

* assuming that soil contained 25% of the moisture of the AWC prior to rainfall,
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Possibly this is a direct affect of increased microbial activity which is controlled by
temperature. Studies by Tabatabai and Al-Khafgji (1981) and Pirela and Tabatabai (1988)
clearly show that an increase in the temperature increases the release of sulphate-S from
the soil organic sulphur fraction. However, tfemperature alone cannot be taken as an
indicator for the amount of sulphate-S in solls. The soil micro-organisms have a minimum

requirement for moisture as well as heat.

Changes in soil temperature during a month are generally gradual (and some-what
predictable). However, the amount of rainfall, its frequency and intensity can be
extremely variable. If the bulk of the rainfall occurs in the early part of the month and soil
samples are collected at the end of the month the effect of rainfall, calculated on a
monthly basis, on sulphate-S levels might not show any meaningful relationship. Therefore,
despite heavy rainfall recorded during a month soil sulphate-S levels may recover and
give a high vaiue, In a 1-2 week period after a rainfall event, more S may be minerdlised
by soil micro-organisms thus returning soil sulphate-S to approximately the same level as
prior to the rainfall. This assumption would only be true if the soil has sufficient

mineralisable organic sulphur,

A more detalled examination of rainfall in relation to soil sulphate levels is shown in Figure
10.4. Total rainfall a week prior 1o soll sampling showed a much better relationship wifh
sulphate-S levels compared to the monthly rainfall data. The decline in sulphate-S levéls in
May 1987 appears to be related to the high rainfall in the week preceding the sampling
(52.0 mm). Although rainfall was not particularly high after this event, soil sulphate-S levels
remained low, presumably as a result of low femperatures (4-5 ° C) restricting
minerdlisation. Laboratory studies have shown that mineralisation is very poorat 5 °C
(Swift, 1983). A number of studies have suggested that a temperature between 4-5 °C
would arrest microbial activity and that is why this tfemperature Is widely used for storing
field samples. As soll temperature increased from September onwards so did soil sulphate-
S levels. Since total rainfall prior to soil sampling during these months was relatively low

most of the mineralised sulphate-S remained within the sampling zone.

Another conclusion can be drawn from Fig. 104, where rainfall 2 and 3 weeks prior to

sampling showed very little effect on sulphate-S measured in soils. Even after a substantial
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rainfall (Feb. and Oct. 1987) two weeks prior to soil sampling, which is likely to have
caused leaching of soil sulphate, the level of sulphate-S remained relatively high. This
would suggest that significant amounts of sulphate-S were subsequently released through
mineralisation. This perhaps shows the magnitude and speed of this process operating

under fleld conditions.

Biomass-S fluctuations showed a stronger relationship with soll temperature than with soil
moisture (Fig. 10.3). At lower tempercatures (May to September), biomass-S was lower in
the fallow and ploughed compared to the pasture plots. Biomass-S in the pasture plots
remained relatively high even in the winter months. This is largely due to the rhizosphere
effect where Increased microbial activity in the root zone results from the increased level
of organic compounds in that region, originating from the exudation of soluble C-
compounds, lysis of root cap cells, root hairs and epldermal cells (Sparling, 1985),
Presumably, when plant growth increases during the spring and summer seasons, root
exudates also Increase which giving a corresponding incredse in soil biomass and

conseqguently increases the biomass-S (Fig. 10.3).
10.3.3 Sulphcte-S leaching caused by rainfall

Although, total rainfall a week before sampling appears to be effective in explaining the
cause of sulphate-S losses through leaching, the quantity of water from the rainfall may
not be enough to cause the downward movement of solutes. Therefore, it is essential to
have an understanding of how much water is required to cause leaching. Such
assessments can be made by using a water balance approach in the soil profile. If the
water input from the rainfall is more than the available water capacity (AWC) then the
excess water is likely to cause leaching of soluble suiphate-S, Available water content Is
the amount of water retained between field capacity (F.C.) and wilting point (W.P.).
Using the data from P. Greenwood (personal communication) for available water content
in the Wakanui solt (Table 10.3), it was determined that this soil could retain approximately
11 mm of rain-water within the 7.5 cm sampling depth. Without accounting for
evaporation, and assuming that the soll had 25% of the AWC moisture before rainfall

occurred, then any rain more than 75% of the AWC as shown in Table 10.3 would cause
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Table10.4 Depth of sulphate-S movement caused by rainfall estimated from Table 10.3.

Month/Year Rcinfcll'(mm) Estimated depth of SO42'

movement (cm)

12/86 0.0 ~ 0-5
1/87 0.8 0-5
2/87 0.9 0-5
3/87 0.4 0-5
4/87 0.7 0-5
5/87 52.0 45-50
7/87 15.6 10-156
8/87 20 0-5
9/87 20 0-5
10/87 5.4 0-5
11/87 0.7 5-10
12/87 5.1 0-5

*. total rainfall which occurred during the week prior to soil sampling
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Table10.5 Moisture content in the soil samples at the time of sample collection.

Month/year Pasture Fallow Ploughed

(% moisture w/w)

12/86 11.2 1.4 1.7
1/87 9.8 9.3 10.0
2/87 14.2 13.6 13.0
3/87 13.0 12.2 - 120
4/87 1.6 9.6 9.4
5/87 22.4 21.2 20.2
7/87 220 20.0 19.0°
8/87 15.4 . 130 13.8
9/87 19.5 16.5 18.0
10/87 15.0 14.5 15.0
11/87 - - -
12/87 14.8 13.0 13.4

* soil contains 9.4% moisture at the wilting point and 19.8% moisture at field capacity.

values close 1o the wilting point (beld) may affect the microbial biomass-S.
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depth, more than 7.8 mm rainfall Is required. As shown in Table 10.4 there were only two
rainfall events greater than 7.8 mm which could have leached the SO4-S beyond 7.5 cm
soil depth. Rainfall in May/87 would have leached soil SO4-S to 45-50 cm depth while rain
in the month of July would have moved it to 15 cm of the soil depth. It is clear that
leaching which occurred in May would seriously affect the plant-availcble sulphur
because most of the plant roots in pasture are within 20-30 cm of the soil surface.
However, leaching in the month of July would have moved the sulphate-S beyond 7.5 cm
depth, but it would still be retained within the rooting zone. Therefore it would not affect
plant uptake of sulphate-S. The estimated movement of SO4-S calculated in Table 10.4
has not faken intfo account the by-pass flow which can cause rapid downwards
movement of water (White, 1985). Therefore leaching losses in sub-surface soils would be

of greater magnitude than those given in Table 10.4.
10.4 CONCLUSIONS

It can be concluded from this study that using monthly data to explain sulphate-$
leaching is not satisfactory. Total rainfall during the week prior to sampling is likely to give
a much better indication of leaching losses in these soils. Soil temperature is clso an
important factor in determining the extent of sulphur mineralisation. These studies have a
direct implication Iin soll testing and fertllizer recommendations for sulphur. An improved
understanding of these soll factors (rainfall and temperature) could help to avoid errors in
fertilizer recommendations. At the time of the interpretation of the soil test, one should
also consider the soil temperature and rainfall occurring within the week prior to sampling.
One should also consider sampiing the soil beyond 7.5 cm, perhaps to 20 to 30 cm soil
depth. It is likely that sampling of the surface soil may show a deficiency but in fact solls
below that depth and within the plant root zone may have adequate amounts of
sulphate-S. Hence, recommendations made on the basis of surface soil samples may give

inconsistent results.
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CHAPTER ELEVEN

GENERAL SUMMARY, CONCLUSIONS AND SUGGESTIONS
FOR FURTHER WORK

This chapter of the thesis summarises the results and also conclusions of the study.
Summary has been arranged in an order compatible with the objectives outlined in the
infroduction (see section 1.2). After the conclusions, some suggestions also are given
for future research work aimed at improving the understanding of the sulphur cycling in

solt system.

11.1 SUMMARY AND CONCLUSIONS

11.1.1 Methods for measuring sulphur mineralisation in soils

The closed incubation system which has been used in the past by many workers to
measure sulphur mineralisation was also examined in this present study. Results
obtained from this type of incubation showed variable pattern of sulphur mineralisation
and immobilisation (Fig. 4.2). Limitations of this method have been discussed in section |
4.3. Asltls stated In the objectives (section 1.2) a method which measures sulphur
mineralisation should show consistent results so that mineralisation can be correlated
with soil properties. Hence, closed incubation method was not considered for

measuring mineralisation in soils.

An open incubation system was adopted for studying mineralisation of sulphur in New
Zecland soils. The main features of open incubation system have been explained in
section 4.3.1. The amount of sulphur mineralised as 5042‘ is periodically removed from
the soil system. The removal of minerolised-so42' in this type of incubation resembles

field conditions, where minerc::lised-SO42‘ is continuously removed either by plant
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uptake or by leaching down the profile. This method of determining the mineralisable

sulphur gave consistent pattern of sulphur mineralisation (Fig. 4.2, 4.4 and 4.8).

Soil temperature has shown to have a direct influence on the amount of sulphur
mineralised (Fig. 4.5). These resulfs are consistent with those reported by Williams (1967)
and Tabatabai and Al-Khafaji (1980), who have reported similar increase in sulphur

mineralisation with the increase in temperature.

A comparative study of sulphur minerdiisation in eighteen New Zealand soils (described
in Table 3.1) was carried out using the open incubation method at 30 °C for 10 weeks.
A minimum of 1.13% and a maximum of 6.58% of the total organic sulphur was
mineralised from the Waimakariri and Teviot (limed) soils respectively (Table 4.6). These
amounts represent approximately 3.4 and 32.2 kg sulphur ha'l. The magnitude of
minerdlisation reported in this study is in agreement with the findings of other workers
who used similar system of incubation e.g. Tabatabai and Al-Khafagji 1980; Pirela and
Tabatabai, 1988. A prolonged incubation (28 weeks) on six soils showed even higher
level of mineralisation (Table 4.3) where the release of 8042' ranged between 19.6 to
49.9 kg sulphur hal (representing between & and 11% mineralisation of total organic
sulphur in soils). Studies by Tabatabal and Al-Khafaji (1980) and Pirela and Tabatabai
(1988) have shown that mineralisation of sulphur is linear; in other words sulphur is
minerclised at a constant rate, However, in this present study, the rate of mineralisation
of sulphur decreased with an Increase In the incubation period which would suggest a
more curvilinear relationship rather than linear one, particularly in the long-term. A
clear illustration of curvilinear nature of sulphur mineralisation is shown in the prolonged
incubation studies (Figure 4.7). The rate of sulphur mineralisation during the later period

(26-28 week) was almost 4 to 10 times less than the initial rate of minerdlisation.
11.1.2 Correlation befween sulphur mineralisalion and soil properties

A single factor correlation between total minerolised-SO42' measured in the open
incubation and the soil chemical properties showed non-significant relationship with the
total nitrogen, C:N and C:S ratio (Table 4.10). There was a weak relationship between

the minerdlised sulphate and water-soluble 8042', Hli-reducible S, soil pH and N:S ratio
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(significant at 5% level of significance). These soil properties could account for only 25-
30% of the variation in the mineralised sulphate between soils. Other soil properties such
as phosphate-exiractable 8042‘ and total organic sulphur in soils were slightly betfter
indicators of potentially mineralisabie sulphur in solls (significant at 5% level of
significance). These soll properties were able to account for between 35 and 45% of
Thé variation of sulphur mineroliscﬂon, between soils. The correlation between
minercllsed-SO42‘ and phosphate-extractable sulphate Is of particular Interest
especially for computerized fertilizer advisory service (CFAS), where the amount of
extractable sulphate is used as an indicator for recommending sulphur fertilizer, The
resulfs from fhis study suggest that extractable sulphate is a poor indicator for estimating
sulphur mineralisation potential of the soll. The best single factor correlation for
minerollsed-SO42‘ was found with C-bonded forms of S. The amount of C-bonded
sulphur accounted for upto 63% of the variation In sulphur mineralisation between soils.
Soils having higher amounts of C-bonded sulphur mineralised higher amounts of sulphur
during the incubation. Since soil chemical properties are somewhat inter-related with
each other (Table 3.4), therefore a multiple regression was affempted with all possible
combinations of soll properties to achieve an improved correlation. The best
correlation was obtained from the combination of C-bonded sulphur and C:N ratio (see
equation 4.7), which accounted for up 1o 71% of the variation in sulphur mineralisation
between soils. The weakness of the correlation could be due to the variation in the
microbial population and their species. Variations in the soil physical characteristics

mayy also contribute to the overall variation in the mineralisation of sulphur in soils.
11.1.3 Mineralisable forms of organic sulphur

A comparison of organic sulphur fractions before and after the Incubation has helped
in identifying the forms of sulphur which contributed 1o the release of sulphate during
the incubation studies. Most of the soils showed a significant decrease in the C-bonded
forms of sulphur during the incubation and af the same time, the Hi-reducible forms of
sulphur either remained unchanged or increased (Fig. 5.2 and 5.3). This affims that the
organic sulphur held as C-bonded sulphur represents the mineralisable forms of sulphur
in soils. These findings are consistent with the studies by Freney et al. (1975); MclLachian

and DeMarco, (1975) and McLaren and Swift, (1977), all of these workers have reported
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considerable mineralisation of C-bonded forms of sulphur both in field studies
(McLachlan and DeMarco, 1975; McLaren and Swift, 1977) and in glass-house studies
(Freney ef al., 1975). Identification of Cfbonded form of sulphur as a mineralisable pool ‘
of sulphur is also consistent with the single factor correlation coefficient values, where
the amount of C-bonded sulphur in soil gave the most significant correlation with the
amount of minerclised-SOAQ'. it Is difficult to quantify as to how much of C-bonded
sulphur is mineralised. In order to Identify the fraction of C-bonded sulphur which are
mineralised during the incubation, a detailed characterization may help to estimate

the fraction of mineralisable S.

11.1.4 Estimation of potentially mineralisable sulphur

The usefulness of Pirela and Tabatabai (1988) methods of estimating the potentially
mineralisable sulphur (Sgy in soils and time required to mineralise af least 80% of the
potentially mineralisable sulphur (Ky) were examinéd for data obtained in this study. The
two fechniques used by these workers i.e. a reciprocal-plot technique and exponential
method of estimating the 5o and Ky were examined in detail (see section 4.6). It was
found that the estimation of these values depended upon the temperature and the
length of incubation. In some cases, the values estimated for Sy either by reciprocal
plot technique or exponential method gave a negdative value although significant
amounts of sulphur were in fact mineralised during the incubation (Table 4.8a and
4.8b). Therefore, it is concluded that such estimations of Sy and K4 by either technique

is unsatisfactory.
11.1.5 Interaction of nutrients on sulphur transformeations

Effects of adding carbon, nitrogen and sulphur on the mineralisation of sulphur were
Investigated. Effects of these nutrients were also examined on the fransformation of
sulphur from one organic form to the other (see section 6.3-6.5). Addition of sulphate-S
significantly decreased the amounts of sulphur mineralised. Addition of nitrogen as
NO3" to soil showed inconsistent effects on sulphur mineralisation. In some cases it
increased sulphur mineralisation (Table 6.1a) and other cases showed no effect (Table

6.1b). Addition of carbon had the strongest influence on sulphur mineralisation where it
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generally decreased the amount of sulphate in soil solution. It Is well known that
addition of carbon encourages microbial growth. Such a growth was also noted
(increased CO, evolution) in these experiments which would have encouraged the

assimilation of sulphate-S into microbial tissues.

The dichotomous model of sulphur cycling as proposed by McGill and Cole (1981) (see
section 2.7) was tested by manipulating the nutrient availabiiity (CN and S) In soil (see
section 6.3). It was found that deficiency of 3042' in soils with an increcased microbial
activity (where C was added) did not necessarily encourage minerglisation from the Hl-
reducible forms of S. In most cases microbes selectively mineralised more C-bonded
sulphur than Hl-reducible sulphur (see Fig. 6.4 and 6.5). It was caiso noted that micro-
organisms synthesised considerdble amounts of Hl-reducible forms of sulphur even
when solls were deflicient in sulphate-S. -Addition of carbon to solls resulted in a
significant decrease in the mineralisation of C-bonded S. This would suggest that
mineralisation of C-bonded forms of sulphur is controlled by the availability of

metabolisable C in soils.

It can dlso be concluded that such a mineralisation is occurring mainly to obtain
carbon, However, this present study also showed that C-bonded forms of sulphur could
be mineraiised to require sulphur or possibly N. These finding show that the
dichotomous model requires further refinement and that work is needed to assess this

model,
11.1.6 Sulphur cycling in soils

Sulphur-35 was used as a tracer both as a carrler-free and with sulphate as a carrier to
examine the cycling of sulphur in a closed incubation system (see section 7.3.1 and
7.3.2). Soil treatment prior to the addition of sulphur-35 i.e. preconditioning, air-drying
and treatment of gir-dried soil with 1% glucose-C had a marked effect on the rate of
35g incorporation into the soil. These treatments also affected the nature of 35g

incorporation into organic sulphur fractions (Figures 7.2, 7.3 and 7.4).
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" Preconditioned soll showed comparatively slower rate of incorporation than the air-
dried and glucose-treated solls. On average between 8 and 19% 355 was incorporated
within @ short-term (1-5 days). A maximum of 48% of the added 3°S was incorporated
between 90 and 120 days. Air-dried soil showed slightly faster rate of incorporation in
the short-term, incorporating between 14 and 28% of the added sulphur-35. A
maximum of 46% of the was incorporated within 40 to 90 days of incubation. The rate
of 355 incorporation was extremely high in the glucose-treated solls, where 77% of the
355 was incorporated within 5 days. A maximum of 84% incorporation was reached
within 32 days. After maximum incorporation in air-dried and glucose-treated soll, some
of the recently incorporated 355 was mineralised to sulphcfe-35s. This was particularly
obvious in glucose-freated soil (see Fig. 7.4). It was noted, the minerq!ised-SO42' had
come from the mineralisation of C-bonded forms of sulphur because the amount

incorporated in this fraction decreased towards the end of the experiments.

Resulis have shown that the nature of sulphur cycling varied depending on the soll
freatments. In the preconditioned soil, in the short-term, incorporation of added 353
was mainly info Hi-reducible forms of sulphur (80-100% of the total incorporated 358).
During the same period, in the air-dried soil, the proportion incorporated as Hi-reducible
sulphur-35 was 60% and up to 40% was incorporated into C-bonded forms of S. In
glucose-treated soil the proportion of Hi-S decreased further and only 11% of the
incorporated 39S remained into this fraction. In other words, in the glucose-treated soll
355 incorporation was predominantly into C-bonded forms of sulphur (89% of the total
incorporated 339). Inthe long-term (60-120 days). the proportion of labelled HI-S in the
preconditioned soil decreased to 65% while in the air-dried and glucose-treated soil the

proportion of labelled HI-S increased to 50% and 30% respectively.

Soil microbial biomass-S was determined using the biocidal fumigation technique as
suggested by Saggar ef al. (1981a). Radio-activity (355) measured in the biomass-S
gave on idea about their involvement in the sulphur cycling. Results from this study
showed considerable amounts of 393 are cycled through the microbial biomass.
Particularly in the glucose-treated soil, at fimes up to 90% of the incorporated 335
appeared to be present in the microbial biomass. The amount of biomass-398 varied

from treatment to treatment. Glucose-treated soil had maximum followed by air-dried
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and preconditioned soil. The amount of biomass in all treatments fluctuated
considerably during the incubation, probably reflecting the fransitory nature of the
sulphur held in the microbial fissues. Considerably higher microbial activity in the shori-
term in qir-dried and glucose-treated soil seemed to be responsible for incorporating
the 393 predominantly into C-bonded forms of S. Early incorporation of 333 in the
preconditioned soil is believed 1o be carried out by extracellular enzymes which did not
involved the direct participation of soil microbes (Fig. 7.7) and that Is why there was

relatively little incorporation into C-bonded sulphur.

Addition of sulphate seemed to have retarded cycling of sulphur. Results from
sulphofe-358 showed considerably lower incorporation compare with carrier-free 35g
(Table 7.8). Presence of sulphate-S appeared to have encouraged incorporation

mainly intfo HI-reducible sulphur,
11.1.7 Mineralisation of recently incorporated sulphur-35

A study of the mineralisation of recently incorporated sulphur-35 was carried out in an
open incubation system for 10 weeks. Soils were preincubated in a closed incubation
system with sulphur-35 for 32.60,90 and 120 days, where different amounts of added
sulphur-35 were incorporated into organic sulphur fractions (see section 7.3.1.2). It was
found that the longer the sulphur-35 remained in the organic matter the less of It was
remineralised as sulphate (Figures 8.1 and 8.2). A comparison between the amounts of
sulphur mineralised from the native sulphur and recently Incorporated sulphur-35 further
conflrms this phenomenon, where between 15-55% of the total incorporated sulphur-35

was mineralised compared with 3-5% mineralisation from the native sulphur pool.

Unlike the uniabelled experiments, where mineralisation of organic sulphur was
measured mainly from C-bonded forms of sulphur, this experiment showed that both
forms of organic sulphur i.e. Hi-reducible and C-bonded minerdlised to sulphate during
the 10 week open incubation (Figure 8.4). However, in some cased, mineralised-so42'

appeared to have come mainly from C-bonded forms of sulphur (Figure 8.5).
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11.1.8 Mineralisation of C-bonded forms of sulphur

A technique was developed whereby Hl-reducible forms of sulphur were removed from
the soil organic matter (details in section 9.2). Such a separation allowed a study of the
mineralisation characteristics of C-bonded sulphur (see section 9.3) and also

established a better understanding of the pathways of sulphur fransformations in the soil

system.

Organic sulphur retained as C-bonded forms of sulphur in soil was mineralised to
sulphate and transformed to Hi-reducible forms of sulphur. Approximately 10% of the
total C-bonded sulphur was mineralised/transformed during a 40 day period of
incubation. Since 3042' and Hl-reducible sulphur appeared simultaneously in the
incubated soll, it was difficult to determine whether sulphate was a precursor of Hi-
reducible sulphur or Hi-reducible sulphur was directly formed from C-bonded forms of
sulphur. However, this present study confirms that C-bonded forms of sulphur represents
a mineralisable pool of organic sulphur and it can be transformed to Hi-reducible forms

of sulphur,
11.1.9 Seasonal varictions in sulphate-S and biomass-S

Under fleld conditions, seasonal changes have considerable impact on the amounts of
sulphate retained in the upper horizon (in this case 75 mm soll depth). During the winter
period when rainfall is high, the amounts of sulphate-S decreased considerably (Fig.
10.2). The reason for this loss is mainly aftributed to sulphate leaching, where excess

rain-water transports water-soluble sulphate down the profile.

In the past, workers have attempted to explain sulphate losses by using the average
monthly rainfall prior to sampling (e.g. Cornforth ef al., 1983). However, this present
study found a poor relationship between monthly rainfall and the amounts of sulphate
measured in solls (Fig. 10.2). It was found that the amounts of rainfall @ week prior to

sampling relate better 1o the amounts of sulphate in solls (Fig. 10.4).
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Biomass-S fluctuates throughout the year. When moisture is adequate and temperature
is high (autumn and summen), the amount of sulphur held in microbial tissues Is also high
compared with the winter period (Fig. 10.3). A direcf comparison of biomass-S values |
between fallow and pasture plots shows that biomass-S is always higher in the pasture
plots (Fig. 10.3). This could be due to a rhizosphere effect which encouraged higher

microbial growth In pasture plofs.

The present study concludes that use of monthly rainfall data to explain sulphate
leaching losses in soils is unsatisfactory. Instead, total rainfall a week prior to sampling is
likely o give much better indication of leaching losses in soils. During the fime of
interpretation of soil sulphate results for sulphur fertilizer recommendation, due
consideration should also be given to soil temperature, which is likely to effect the

supply of sulphur for plant growth.

11.2 SUGGESTIONS FOR FUTURE RESEARCH

The results presented in this thesis have shown the need for further resecrch in several
areas related to sulphur cycling in the soil.

(@) The open Incubdation system developed during this study need further
investigation to test its general applicability, for instance, measuring sulphur
mineralisation in soils from different climatic zones and cultivation regimes.
For practical purposes it is also necessary to correlate sulphur mineralisation
data with plant uptake of sulphur and responses fo sulphur measured under
field conditions. It may then be possible to integrate such information in the

existing CFAS model.

(b) It has been shown in Chapter six of this thesis that dichotomous model
proposed by McGill and Cole (1981) does not satisfactorily explain some of
the results obtained in this study. Since this model is gaining acceptance by

scientists, it Is necessary to examine this model more critically.
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Procedures for determining biomass-S need improving. In Parficular, K
values need to be determined for soils from different cultivation and climatic

regimes.

Organic sulphur in soils is presently characterised rather crudely as Hi-
reducible and C-bonded sulphur. This aspect of sulphur research needs
further investigation and the forms of organic sulphur need to be further

refined.

Having characterised the forms of organic sulphur in soils in more detail, the
contribution of a specific fraction can then be studied. This would help in

understanding the sources and pathways of sulphur mineralisation in soils.
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Appendix 1

Where Sy

k

Therefore for half of the S, to be mineralised, t

can be determine as follows;
-kt

1/2 So = So (l-e )
1/2 = 1 - e Kkt
e—kt— 1/2
kt = - loge2
2
t = loge
k
_0.69315
t =%

Note; t is equal to K, yhen Sn

(4.4)

= § mineralised (measured)
So = Potentially mineralisable 8
= First order rate constant

= l/2 SQ
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Changes in the sulphur pool (ug S g‘1 soil)

_‘!O_

Appendix 2a

Teviot

Teviot (limed) | | Meyer Rapaki|| Templeton||Takahe| | Temuka| |Summit

-20

4{:————-standard error

N\ Suiphate-S ¥ Hi-reducible S

C-bonded S

Changes In the individual sulphur fractions after 18 weeks of open incubation at 10 °C,
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Appendix 2b

30 - LTevlot Hmed] |Rapak| }
Comm ‘ - )

S 0 .
é .__standard error '

- %73 Sulphate-S BB Hi-reducible S [ C-bonded S

Changes In the individual sulphur fractions after 18 weeks of open incubation at 20 °c.



Amounts of suliphur held in soil organic fractions during the sulphur-35 incubation study.

Appendix 3

Treatment/ Suiphur Incubation Period (days)
fractions

0 1 2 3 5 10 16 24 32 60 90 120

Sulphur concentration (ug Sg™! soih !

Preconditioned
Total organic S 4004 3986 394:4  405:6 40324  398:6  400:2  420x6  415x5 4023 4066  403:3
Hi-reducible S 18523  188z3 17615 1803 176£2 19025  186x3  183z4  172i4 175¢1 185¢4  185:5
C-bonded S 21527 2109 21829  225:9 22726  208x11 2145 237x10 233129 227:4  221:10 21818
Air-dried
Total organic S 4066 40812 403+3  400x2  401:3 40422 3985 4003  396:4 40822  410z4 4003
Hi-reducible S 17623 19015 18823 19417 17824 18613 188z4 1764 18324 190z4 180z4 1783
Carbon-bonded S 230:9  218:7 21526 2069  223x7 2185 21019 22417  213:8 2186 2308 22226
Glucose-treated
Total organic S 4064 4013 405z1 410£3 4104  398:6  408x4 4105  405:5 4084 4063 nd
Hi-reducible S 18024 18615 18024 1764 18825 1794 1905 1906 18215 17822 1804 n.d
Carbon-bonded S 226+8  215:8 220:5 23417 2229 21910 218+9  220+11 22310 230:6 226:7 nd

= amount of sulphur held in organic sulphur fraction prior fo incubation.

1. mean = s.e. of six determinations, n.d = not determined.
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Appendix 4

Amounts of total, Hi-reducible and C-bonded sulphur in organic fractions before and after the reincubation.

Soil treatments incubdgation period (days)
32 60 90 120

sulphur concentration (ug S g'] soil)

before after before after before after before after

Preconditioned
Total organic S 4155 41015 40213 39814 4066 40012 403+3 4004
Hl-reducible S 18624 1752 180¢1 18513 1854 18523 1855 17424
C-bonded S 23219 2277 2184 221:7 22110 21525 218:8 226+5
Air-dried \
Total organic S 3964 39716 4084 40015 4104 40414 4003 3964
Hi-reducible S 18324 17824 1904 184x3 1804 18323 1783 174+3
C-bonded S 213:8 219:10 218:8 21618 23018 2177 2226 2227
Glucose-treated
Total organic S 40515 4025 4084 4004 4063 4003 n.d n.d
Hi-reducible S 1825 19213 1782 1804 1804 18424 nd n.d

© C-bonded S 22310 210z8 2306 220:8 2267 2167 nd n.d

n.d = not determined
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