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Abstract

The effectiveness of elemental sulfur (S°) as a fertilizer is governed by its rate of microbial oxidation in
soil to the sulfate form for absorption by plants. Some 80 field oxidation rate experiments were conducted
under grazing throughout New Zealand for one year by measuring the residual S° in soil at approximately
two-month intervals. The S° was applied as particles 75 to 150 um in diameter at the rate of 30 kg ha™!.
The simple cubic oxidation rate model (no allowance for temperature or moisture changes) accounted
for more than 80% of the variance at nearly 70% of sites.

The mean annual soil temperature (10-cin depth) was the most important factor found affecting the
mean annual oxidation rate constants, accounting for 38 % of the variance through the Arrhenius equation.
Other factors, including rainfall, soil moisture, pH and soil groups accounted for only a further 2% of
variance. The factor most likely to account for the balance of variance among the sites is the oxidizing
efficiency of the associated microorganisms.

The rate constant versus temperature relationship for field oxidation in the five New Zealand climate
regions was consistent with mean rate constants of soil groups from a similar set of 47 soils incubated at
25°C and field capacity moisture for 10 weeks or more. Field soils, therefore, had an average moisture
for the oxidation rate equivalent to that at field capacity. This would explain the lack of contribution
of soil moisture to the variance, and would support the use of the mean annual oxidation rate constant
(from the mean annual soil temperature) for calculating the optimum particle size range of S° fertilizer.
In confirmation, S° particle size recommendations from field rate constants for pastoral fertilizer were
consistent with those from earlier agronomic experiments.

Introduction

Large areas of New Zealand are deficient in S for
pastoral agriculture, and S° is increasingly used
in place of sulfate fertilizers to reduce transport
costs in both low and high rainfall areas (Boswell
and Swanney, 1988) and to reduce amounts of S
applied in areas of high sulfate leaching.

S° as a fertilizer

S°¢ is the most concentrated form of S possi-
ble (100%), minimizing transport and distribu-
tion costs (Boswell and Swanney, 1988). It is
highly insoluble in water (Meyer, 1977) and only
slowly oxidized to sulfate by atmospheric oxy-
gen (Chapman, 1989; Wainwright, 1984) so the
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product does not need careful protection from air
or rain, and residual S° in soil is not leached by
rain. In soil it is rapidly oxidized to sulfate by S°-
oxidizing microbes under conditions favourable
for plant growth (Sinclair and Boswell,1983). In
New Zealand thiobacilli are ubiquitous (Lee et al.,
1987; A. Lee, unpublished), and, although present
in low numbers, they rapidly multiply and oxidize
on addition of S° (Lee et al., 1987; 1988). The
system can, therefore, be partly self-regulating
since the oxidation rate would also become slow-
er under conditions unfavourable to plant growth,
i.e. low moisture, temperature or nutrients (Sin-
clair and Boswell, 1983).

S° can pose an explosion hazard if the particles
are extremely fine and undiluted with inert mate-
rial. In New Zealand, molten S° added to single
superphosphate during manufacture crystallizes
giving 70 to 80% of the incorporated S° <150 pm
dispersed safely throughout the product (Boswell
and Swanney, 1986; Sinclair and Enright, 1983).
Heterotrophs oxidize at only about 10% of the rate
of S°-oxidizing autotrophs (Watkinson and Blair,
1993) and this may be inadequate under low tem-
peratures. For example, in Western Canada where
S° is oxidized by heterotrophs (Germida et al.,
1984) and is of limited effectiveness (Janzen and
Bettany, 1987b) the soil temperatures are below
15°C for most of the year (Janzen and Bettany,
1987b). The ineffectiveness may, however, have
resulted from inadequate dispersion and incorpo-
ration of the S° particles into the topsoil (Solberg
et al., 1992).

Effects of temperature and moisture on oxidation
rate
Incubation studies have shown that the S° oxi-
dation rate in soil is related exponentially to soil
temperature (Chapman, 1989; Janzen and Bet-
tany, 1987b; A. Lee and J. H. Watkinson, unpub-
lished), and parabolically to soil moisture, with
the maximum at approximately the field capaci-
ty moisture (Janzen and Bettany, 1987b; Kittams
and Attoe, 1965; Moser and Olson, 1953).

Soil moisture has a decreasing effect on oxi-
dation rate (the parabola broadens) as tempera-
ture is decreased below 25°C (Janzen and Bet-

tany, 1987b), and as incubation time at 25°C is
increased to four weeks or more (Kittams and
Attoe, 1965; Moser and Olson, 1953). For the six
soils from Western Canada studied by Janzen and
Bettany (1987b), there was little change in oxi-
dation rate at less than 23°C for water potentials
between —10kPa (field capacity) and —1500kPa
(wilting point).

The insular climate of New Zealand means
that, at a given site, the maximum change in the
average daily soil temperature during the year is
only about 10°C (Lee et al., 1988a,b), although
for some inland areas it is greater. The average S°
oxidation rate would not, therefore, change great-
ly from one season to another. Furthermore, the
increased oxidation rate during the higher summer
temperatures would be moderated by the lower
moisture, (The New Zealand temperate climate is
broadly characterized by warm summers and cool
winters, with most rain falling in the winter.) Con-
versely, the decrease in rate during winter might
be buffered to some extent by the increased mois-
ture.

Soil moisture is generally much closer to field
capacity than to the wilting point, particularly in
soils under a higher rainfall (>1200 mm). For
most of the year, therefore, soil moisture values
would be such as to give close to the maximum
oxidation rate. The exception would be during the
lower moisture of the hotter summer period.

Oxidation rate models

A model following the oxidation of S° taking into
account the diminution in size of the particles
has been developed for soils at constant temper-
ature and moisture (Janzen and Bettany, 1987a;
McCaskill and Blair, 1989; Watkinson, 1989).
For blocky-shaped particles (which can be treated
as “equivalent spheres” (Watkinson, 1989) where
the ratio of greatest to least size is no more than
two, and where the mass distribution is constant
with size, the appropriate equation is (Watkinson,
1989):

(m/mg)°33 = 1 - at/(bc)?? (1)



where mg is mass of S° applied originally;
m is mass of S° remaining at time t;

a is the oxidation rate constant in terms
of reduction in diameter per unit time
of the S° particles;

(bc)?3 is the geometric mean of the
greatest and least sizes.

The rate constant, a, is a property of the site and
is a function of the oxidizing organisms, soil tem-
perature and moisture. Since my, b, ¢ are known
and m is measured (Watkinson et al., 1987) at a
given time, t, “a” can be estimated. (Alternative-
ly, an oxidation rate constant, k, can be defined
equal to 1/2 pa, (Watkinson, 1989), where p is the
S° particle density of 2.07 g cm ™3 (Meyer, 1977)
and k becomes the mass of S° oxidized per unit
area per unit time).

Equation (1) for particles of the same size has
been modified to include the effects of temper-
ature and moisture (Janzen and Bettany, 1987b;
McCaskill and Blair, 1989). However, the modi-
fied models are based on only short term incuba-
tion experiments (one to three weeks) and have
not been tested in the field (Janzen and Bettany,
1987b; McCaskill and Blair, 1989).

In view of the earlier discussion, it seems like-
ly that the effect of moisture under New Zealand
field conditions would be of much less importance
than in the two proposed models (Janzen and Bet-
tany, 1987b; McCaskill and Blair, 1989); and that
the exponential effect of temperature on oxidation
rate (Janzen and Bettany, 1987b) would be of far
greater importance than moisture.

To measure field oxidation rates and check
the applicability of the simple cubic oxidation
rate model (uncorrected for moisture or temper-
ature) for a narrow size range of S° (Watkinson,
1989), 75 to 150 um, field trials were conducted
under different climates throughout New Zealand
in which residual S° in the soil was measured at
regular intervals for at least one year.

Experimental

To determine the effects of climate, New Zealand
was divided into five regions, based on 30-year

61

Site A

Site B

i

Fig. 1. Map of New Zealand outlining the five climate
regions described in Table 1, and position of sites A and B
(Table 3).

weather patterns (New Zealand Meteorological
Service, 1984a,b) (Table 1, Fig. 1).

Some 80 small-plot field experiments were
conducted throughout New Zealand, for one year
or more (1989 to 1991) under grazing and over a
wide range of soil groups, temperatures and mois-
ture values. Sites with a recent history of applied
S° were excluded.

The S°, 75 to 150 um (Watkinson, 1989), was
applied at the rate of 30 kg ha~! on to duplicate,
grazed plots of 9 m? in fields of dominantly, rye-
grass (Lolium perenne L.y and white clover (Tri-
folium repens L.). Untreated areas adjacent to the
treated plots were sampled as control plots.

Eighteen soil cores (Watkinson et al., 1987), 0
to 38 mm depth (and in some experiments 38 to
75 mm),were collected from treated and untreated
plots at approximately two-month intervals. They
were analyzed for residual S° (either immediately
or after storage in a freezer (Watkinson et al.,
1987)), pH and gravimetric soil moisture.

Since the amount of S° applied, 27 g plot~!,
did not always correspond with the apparent
amount applied, mg from regression analysis (see
under discussion), Equation (1) was rearranged



62

Table 1. New Zealand climate regions based on temperature and rainfall

Region

Average annual soil
temperature range, 10-cm
(New Zealand Meteorological
Service, 1984a)

Annual
rainfall
(New Zealand Meteorological
Service, 1984b)

range
O (mm)
1. N North Island 13-15 1000-1500
2. S North Island 12-13 800-1500
3. NW South Island 10-12 1000-3000
4. NE South Island 9.5-11.5 800-1000
5. S South Island 8-10 400-1200
and plotted as: . . .
Table 2. Variances from fitting the simple
cubic model, Equation (2
m®3 = m&3 — m&Bat/(be)®S 2) q @

The cube root plot also provided a uniform vari-
ance over the wide concentration range of S° in the
soil, sometimes down to 1% of applied (Watkin-
son, 1989) (Fig. 2).

The annual mean soil temperature (10-cm
depth) was measured directly at about 10 sites.
Values for the others were supplied by the New
Zealand Meteorological Services as best estimates
from nearby meteorological sites in their national
network.

Annual regional soil temperature at 10-cm
depth (to nearest 0.5°C), as an estimate for the
mean temperature during S° oxidation, and rain-
fall for the farmed areas were estimated from 30-
year averages (1951 to 1980) on isotherm maps
and rainfall tables (New Zealand Meteorological
Service, 1984 a,b).

Results and discussion
Application of model to field oxidation

The intercept, mp, from Equation (2) was, on
average, 60% (SD 14%) of the amount applied (27
g plot ~!) (Fig. 2). The loss of 40% on average,
and its similarity at each site, can be explained
in terms of partial retention of S° on the leaves

Variance accounted for  Number of sites

(%) (%)
>80 68.7
71-80 8.8
61-70 7.5
51-60 7.5
<51 7.5

of the pasture plants, and its subsequent ingestion
by grazing animals and removal from the plots
(possibly also by wind) before it could reach the
soil. In experiments conducted the following year
when more care was taken to recover applied S°,
the average recovery increased to 80% (SD 24%)

On the assumption of a loss of some of the
applied S° before reaching the soil surface, the
data from the field experiments were in good
agreement with the simple cubic model of Equa-
tion (1), rearranged as Equation (2) (Table 2, Fig.
2). The model accounted for over 80% of the
variance at 55 sites, indicating that field oxida-
tion was taking place under conditions of apparent
constant temperature and moisture, as in labora-
tory incubation (Watkinson, 1989; Watkinson and
Lee, 1992). The effect of short-term variations in
temperature and/or moisture on the rate appeared
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Fig. 2. Plots of the cube root of residual S° against time after application (Equation (2)) for 16 representative sites, showing
regression lines, values for 1 and 95 % confidence intervals (dashed curves). Four sites (a, b, ¢, d) are taken from the climate

regions 1, 2, 5 in Fig. 1, and two (a, b) from each of regions 3 and 4.

to be within the experimental error of values esti-
mated from the mean annual oxidation rate con-
stant. Representative results from 16 experiments
showing values for duplicate plots are illustrated
in Figure 2. In a total of six sites (<8%) (Table
2) the model accounted for <50% of the variance,
but sometimes this was because of the slow oxida-
tion rate and not any poorer precision, e.g. Figure
2(5b) where r’=0.32.

Because of the uncertainty in the amount of S°
actually reaching the soil surface, as distinct from
the amount of 27 g applied on to the grassed plot,
it was not possible to estimate any value for the
delay time, ty (Watkinson and Lee, 1992). This
was defined as the apparent time to achieve max-
imum oxidation rate (Watkinson and Lee, 1992).
It included time for colonization of S° and mul-
tiplication of thiobacilli from numbers of 10 g™!

soil, or less, to over 10° g~1, so t in Equations (1)
and (2) would otherwise have been replaced by
t—tg.

A%alysis (Watkinson, 1993) of the field oxi-
dation of S° in Scuth Western Australia (Bar-
row, 1971) also showed that the data, covering
500 days, could be described using a mean annu-
al oxidation rate constant. The model accounted
for 89, 92, 98% of the variance at each of the
three sites (Watkinson, 1993), respectively. Only
at the Darkan site was there any evidence of an
appreciable delay time, approximately 50 days
(Watkinson, 1993).

Effect of soil temperature (10-cm depth) on the
rate constant

Mean annual soil temperature. The mean annual
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Fig. 3. Effects of soil temperature on the oxidation rate
constant (a) for field oxidation in the five New Zealand cli-
mate zones {0), and at three sites in South West Australia
(A) (Barrow, 1971; Watkinson and Blair, 1993) (assuming a
soil temperature of 16°C); and (b) for laboratory incubation
(at 25°C and field capacity moisture for 10 weeks or more),
the mean of 45 soils distributed throughout New Zealand
(o) (Lee et al., 1987; Watkinson, 1993; A. Lee and J. H.
Watkinson, unpublished).

oxidation rate constant may be used to summarise
the effects of mean soil temperature and moisture.
Since the oxidation rate will be determined more
by soil temperature than moisture, by an acti-
vation energy in either a diffusion- or chemical
reaction-controlled process, the Arrhenius equa-
tion is appropriate to relate the rate constant and
temperature (Watkinson and Blair, 1993):

loge k = loge A - Ea/RT (3)

where k is the oxidation rate constant (ug
cm~2 day~!);
T is the Kelvin temperature (°K);
Eg is the activation energy (kJ mol~!);
R is 8.31(J °K~! mol™1);
A is a constant.

The average values for the five climate regions
are plotted in Figure 3, where the log of the aver-
age rate constant is plotted against the recipro-
cal of the mean annual soil temperature on the
Kelvin scale (Equation (3)). From the slope of the
regression line (r? = 0.86) the value of the acti-
vation energy can be calculated at 63 kJ mol ™.
This is lower than the values found from incu-
bation studies of 70 to 90 kJ mol~! (Watkinson
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Fig. 4. Calculated effect of seasonal temperature variation
on residual S° (solid lines —) for two sites representing the
extreme climate zones, N North Island, site A (Lee et al.,
1988b) and S South Island, site B (Lee er al., 1988a). The
seasonal oxidation rates were calculated from the average
seasonal temperatures, Table 3, and equation (2). The effect
of using an annual oxidation rate is given by the dashed line
(- - - -). (Compare Fig. 2).

and Blair, 1993), but still indicates control by a
chemical reaction rather than diffusion (10 to 40
kJ mol~1).

In addition, the regression line extrapolates to
within experimental error (SD presented as a ver-
tical bar) of the mean of 45 soils from throughout
New Zealand incubated at 25°C for 10 weeks or
more (Lee et al., 1987, Watkinson, 1989; A. Lee
and J. H. Watkinson, unpublished). Since the soil
moisture during the incubations was close to field
capacity (Lee et al., 1987) i.e., moisture was non-
limiting, this suggests that soil moisture during
field oxidation was also not seriously limiting the
rate.

Seasonal mean soil temperature. The effect
of seasonal changes in temperature on the S° oxi-
dation rate have been calculated for two sites,
A and B, that are representative of the north-
ern (Region 1) and southern (Region 5) climate
regions (Table 1), respectively, (Fig. 4) (solid
lines). It assumes the temperature-rate constant
relationship of Figure 3 (Equation (3)), constant
soil moisture, and the oxidation rate Equation (2).
The secasonal soil temperatures (at 10-cm depth)
are estimated (Table 3) from published data (Lee



et al., 1988a,b) At both sites, mean monthly soil
temperatures range over 10°C, with mean annu-
al values of 15° and 9°C, respectively. The field
experiments were started in late spring, so the
calculations start and finish in mid spring. Spring
and autumn follow an average rate of S° oxida-
tion, while summer and winter rates are greater
and lesser, respectively. Regression lines repre-
senting an annual average rate of oxidation could
be fitted to the data for the two sites such that
all points on Figure 4 would be within 5% of the
regression .line (dashed). This would be within
experimental error (Fig. 2).

Effect of soil moisture on the rate constant

Incubation experiments have shown that changes
in moisture values near the field capacity, espe-
cially at temperatures <23°C (Janzen and Bettany,
1987b) and for times of four weeks or more (Kit-
tams and Attoe, 1965), have only a minor effect
on the rate constant. Consistent with this, the gen-
erally good fit of Equation (2) to the data in Figure
2 implies the rates are little affected by changes in
soil moisture. In Figure 3, soils from the 11 soil
groups incubated at 25°C and at field capacity
moisture for 10 weeks or more (Lee et al., 1987,
Watkinson, 1989; A. Lee and J. H. Watkinson,
unpublished) show the same temperature depen-
dance as the field sites, i.e., the average moisture
values of the field soils are equivalent to the field
capacity moisture of the incubated soils.

The field soil moisture in New Zealand is close
to field capacity, except during periods of higher
evapotranspiration under the higher temperatures
of summer. Soil moisture is therefore broadly
related to soil temperature by being relatively con-
stant at field capacity up to a certain temperature,
and then decreasing with increasing temperature.
Since the S° oxidation rate is optimum at field
capacity and decreases with decreasing moisture
(Janzen and Bettanny, 1987b; Kittams and Attoe,
1965; Moser and Olson, 1953), the only effect
of soil moisture would be to decrease the oxi-
dation rate at the higher soil temperatures which
would otherwise have increased the rate. Hence,
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Fig. 5. Relationship between soil temperature (10-cm depth)
and gravimetric soil moisture (7.5 cm) over one year for sites
A (o) (Lee et al., 1988b) and B (e) (Lee et al., 1988a) (see
Fig. 4). FC is field capacity moisture.

in summer, the opposing moisture and tempera-
ture effects would tend to cancel each other.

The above relationship between soil moisture
and temperature over one year is illustrated in Fig-
ure 5 for the two sites used in Figure 4. The pub-
lished data of soil moisture and of soil temperature
(Lee et al.,, 1988 a,b) were plotted against time,
and the data points in Figure 5 were taken from
each curve at the same time at one-month inter-
vals. The maximum soil moisture is determined
by the field capacity at low soil temperatures. The
values are approximately 62% for site A, and 50%
for site B. One point is above the rest for each
site (Fig. 5), suggesting these moisture values are
associated with recent rainfall, and soils had not
had time to drain to the field capacity. It can be
seen (Fig. 5) that the soil moisture was virtually
at field capacity for 10 months out of 13 for site
A, but only for 7 months out of 13 for site B. This
is in line with the higher rainfall at site A, 1250
mm, compared with only 690 mm at site B. The
lowest moistures are well above wilting point, so
the relative moisture changes are not large. For
example, the lowest moisture recorded at site A
over two summers was 20%, corresponding to a
water potential of -500 kPa (Lee et al., 1988b).

Since increasing moisture up to field capacity
has a positive effect on the rate constant (Janzen
and Bettany, 1987b; Kittams and Attoe, 1965;
Moser and Olson, 1953) it would tend to negate
the effect of the seasonal temperature changes.
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Table 3. Estimated seasonal temperatures and rate constants for representa-

tive sites A and B

Late  Summer Autumn Winter Early

Spring Spring
Duration (months) 1 4 2 4 1
Site A
Mean Temp (°C) 16.3 19.2 15.0 10.8 13.8
Rate constant
(ug cm™2 day™h) 241 29.8 220 16.1 20.1
Site B
Mean Temp (°C) 10.3 132 2.0 4.8 7.8
Rate constant
(ug cm™2 day ™) 15.4 19.3 14.0 10.1 12.7

Site A is in North Island at Huntly (Lee et al., 1988b);
Site B is in South Island at Mosgiel (Lee et al., 1988a).

However, from the preceding paragraphs, the bal-
ancing effect of moisture on temperature is likely
to be small at higher moisture, and would proba-
bly be of importance only in summer at low mois-
tures (Janzen and Bettany, 1987b; Kittams and
Attoe, 1965), particularly under drought condi-
tions approaching the wilting point. Hence the
magnitude of the summer deviation is not likely
to be as great as that shown in Figure 4 under the
assumption of constant moisture. The combined
effect of temperature and moisture on the field
oxidation rate over the four seasons would there-
fore result in values for m/mg within about 5% of
those assuming a mean annual rate constant.

The data of Barrow (1971) under the drier
Mediterranean climate of South West Australia,
including a site at only 350 mm annual rainfall,
also supports the use of Equation (1) and a mean
annual oxidation rate constant (Watkinson, 1993).

Assuming a mean annual soil temperature of
16° to 17°C for the three sites in South West Aus-
tralia of Barrow (1971) allows comparison of the
estimated mean annual rate constant of 13.7 &+
3.1 pug cm~2 day~! (Watkinson, 1993) with New

Zealand data in Figure 3. Allowing for tempera-
ture, the Australian oxidation rate appears appre-
ciably lower, suggesting, for example, that the
soils are at a low moisture content for longer peri-
ods, or the microbes are less efficient oxidizers.

Effect of soil and site properties on the rate con-
stant

Soil temperature has been found in this study to
have the greatest effect on oxidation rate (38% of
the variance), while other factors including soil
moisture (rainfall), pH, and soil groups account
for no more than 2% of the variance. Correcting
for temperature, there is a maximum difference
in rate among individual sites of 2% to 3 times.
Watkinson (1989) also found approximately a 3-
fold difference in rate constants for soils incubated
at constant temperature and moisture, which was
not attributable to soil group, texture or type of
clay. He suggested the difference could arise from
differences in S°-oxidizing efficiency of different
species of thiobacilli (in agreement with Sinclair
and Boswell, 1983), or possibly differences in soil



aeration caused by differences in soil structure.
Phosphate rock (Chatupote et al., 1988; Lee et
al., 1987; Watkinson, 1989) but not soluble phos-
phate fertilizer (Chatupote et al., 1988) enhances
the rate, possibly by improving soil structure and
hence aeration, and/or by neutralizing the sulfuric
acid produced, providing more favourable condi-
tions for less efficient S°-oxidizers.

A small increase of 25 % in oxidation rate has
been found for S° sites under grazing (Ghani ez
al., 1993) so the variables affected by grazing,
e.g., mixing of S° into soil by trampling, and
nutrient supply, could also be minor factors. In
Region 5, soil measurements showed that <5% of
the applied S° had moved into the 38 to 75 mm
depth (Boswell, 1992). The rate constants based
on the O to 38 mm depth results were therefore
no more than 10% high. Boswell er al. (1992)
found north and south facing slopes in the North
Island differed in their mean annual soil temper-
atures by approximately 1°C, which gave corre-
sponding oxidation rate differences. In the South
Island hill country, differences of 5°C between
slopes have been observed (Radcliffe and Lefever,
1981). Where required, good estimates of mean
annual soil temperatures of the flat sites can be
made from latitude and altitude values (Aldridge
and Cook, 1983).

Overall, the most likely factor that would
account for the balance of the 60% of the vari-
ance is the oxidizing efficiency of the associated
soil microbes.

Comparison with agronomic results

On the basis of increased pasture production, soil
sulfate or pasture S to different particle sizes of
S°, Sinclair er al. (1985) divided New Zealand
into two zones. They correspond to Region 1 of
Table 1 (warm-temperate) and the remainder of
New Zealand (cool-temperate), and required S°
particle sizes of <0.25 mm, and <0.15 mm, respec-
tively, to give maximum responses. A third, high
rainfall zone was later suggested to require larg-
er particles (Boswell and Swanney, 1988), but
lacked supporting evidence.

S° particle sizes were also calculated for the
five regions of Table 1 from the annual tempera-

67

tures, the regression of Figure 3 and Equation (1),
based on 90% oxidation during the year. They are
in agreement with those from the agronomic data,
except that the more precise oxidation rate data
indicate a third, smaller size of <0.075 mm for
Region 5 (Table 1)

In summary Region 1, Regions 2, 3, 4 and
Region 5 require S° particles of <0.25 mm, <0.15
mm, and <0.075 mm, respectively. Although oxi-
dation rate data do not take into account differ-
ences in losses among regions of sulfate to leach-
ing and microbial absorption, they are likely to be
much smaller than the differences in rate within a
region of up to 2% times.

For sites with atypical temperatures, rec-
ommendations could be made by adjusting the
amount/size according to the site oxidation rate
constant (Equation 3), (Watkinson, 1993), based
on a mean annual temperature estimated sim-
ply from latitude and altitude values (Aldridge
and Cook, 1983). Also, within each temperature
region, i.e. where site temperatures are generally
close to the regional mean, the greatest oxida-
tion rate is only about twice the least, most likely
from differences in microbial efficiency. Hence
if the regional particle size is calculated on the
geometric mean of the extreme oxidation rates,
the maximum rate will be 40% greater (x V2)
than the mean, and the minimum 70% (x 1/v/2)
of the mean. Faster oxidation rates simply mean
that more sulfate is present than S° towards the
end of the year. Slower rates may mean that a
full pastoral response to S may not be obtained
until the second year, when the residue from year
one would also contribute to oxidation. This delay
must be balanced against the cost of measuring the
rate experimentally and adjusting the amount or
size of S° (or form of S) applied, since increasing
the number of size ranges of S° available would
itself lead to higher costs.
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