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Abstract A number of biological and chemical processes
may affect soil phosphorus availability when forest fires
occur, partly as a result of heating. We describe here a
laboratory experiment to study the effects of soil heating on
changes in sorption and desorption of P. Autoclaving was
also included as an additional treatment of moist heating
under pressure. Five forest soils (two Podzols, one
Arenosol, one Luvisol and one Alisol) were heated to
60°C, 120°C and 250°C or autoclaved for 30 min. They
were repeatedly extracted with Bray I and analysed for
inorganic and organic P fractions. The desorbed P data
were fitted to an asymptotic exponential equation to obtain

the desorption rate and capacity parameters. Podzol and
Arenosol soils showed a quick P desorption after heating,
while Luvisol and Alisol soils showed a slow desorption
rate. The immediate increase in available P that occurred
after heating or autoclaving originated mostly from solubi-
lisation of microbial metabolites and soil organic compo-
nents. Autoclaving decreased P sorption capacity in all soils,
but the effects of heating on P sorption differed among soils.
Except for one of the soils, the low P-fixing soils (Podzol
and Arenosol) showed a decrease in P sorption when heated
to high temperatures, whereas the high P-fixing soils
(Luvisol and Alisol) showed little changes after heating.
Fire intensity and soil characteristics are important factors
determining short-term and long-term soil P dynamics.
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Introduction

Fire is a common feature of the forests that can occur as
wildfire, prescribed fire and slash burning (Walker et al.
1986; Russell-Smith et al. 2007). Changes in nutrient
availability are often reported in the literature after fire
(Neary et al. 1999; Hart et al. 2005), as effects of soil
heating, combustion and ash deposition (Raison et al. 1985;
Kauffman et al. 1993, Serrasolsas and Khanna 1995). Many
studies found that the availability of P often increased after
forest fires (Raison et al. 1985; Romanyà et al. 1994; Cade-
Menun et al. 2000), probably as result of the solubilisation
of organic P and the death of microorganisms. Giovannini
et al. (1990) and Saa et al. (1993) found that soil heating
produced an intense mineralising effect on organic P
resulting in an increase in inorganic P.
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However, the increase in the amount of available P does
not last long, and its availability may quickly decrease
during the months following heating (Kutiel and Shaviv
1989; Serrasolsas and Khanna 1995) or after several
years following clear cutting and burning (Binkley and
Christensen, 1992; Cade-Menun et al. 2000). The decline in
P availability could be associated to changes in the
mechanisms of P adsorption and desorption (Kwari and
Batey 1991; Romanyà et al. 1994; Juo and Manu 1996) and
also to the changes in microbial population and P
mineralisation (Ilstedt et al. 2003). In fact, changes in the
microbial community structure and biomass are often
reported as a consequence of fire and post-fire recovery
(Díaz-Raviña et al. 2006; Liu et al. 2007).

Changes in the P adsorption sites (on the clay surface
and Fe and Al oxides) that may occur during soil heating or
burning may change the dynamics in the supply of P.
Similarly, reductions in microbial populations as a result of
soil heating may decrease microbial P immobilisation.
Together, interactions between biological and geochemical
processes control how much of soil P remains bioavailable
(Olander and Vitousek 2004; Barros et al. 2005; Sato and
Comerford 2006).

Intense slash and burn often increases P sorption
capacity in the soil surface layer (Juo and Manu 1996;
Ketterings et al. 2002). Kwari and Batey (1991) observed
slight increases in P sorption capacity after heating soils in
a furnace (at 250°C for 3 h) and dramatic increase after
field burning of straw. They stated that the increase in P
sorption reduced P in the soil solution and P availability.
Studying fire effects on P sorption of Eucalypt forests,
Romanyà et al. (1994) found slight decreases in P sorption
in burnt soils with little ash deposition, whereas they found
large sorption increases on ashbed areas. Giardina et al.
(2000) reported that in a slash-and-burn experiment with a
small deposition of ash, soil heating had a greater influence
on soil P availability than the P inputs by ash. Both heating
conditions and ash deposition may affect the binding of P
with soil minerals and organic matter and the composition
and activity of soil microflora.

Autoclaving concerns heating of moist soils under
pressure, and it is more effective at killing soil micro-
organisms than dry heat (Choromanska and DeLuca 2002;
Hart et al. 2005). For this reason, it is used to sterilise the
soil (Endlweber and Scheu 2006). Autoclaving kills soil
microorganisms releasing P and other nutrients into the
solution and solubilises labile organic matter (López and
Barbaro 1988; Xie and MacKenzie 1991). Xie and
MacKenzie (1991) found a decrease in P sorption capacity
after soil autoclaving. However, very little is known of the
effects of autoclaving on P desorption dynamics.

In a previous study, Serrasolsas and Khanna (1995)
found that both heating in an oven to temperatures ranging

from 60°C to 250°C and autoclaving forest soils increased
labile inorganic P content, whereas the P content associated
to microorganisms decreased with heat because high
temperatures killed the microbial population. The concen-
tration of the immediately released P by heating slowly
decreased during laboratory incubations approaching the
pre-heating values, partially because it was immobilised by
microorganisms. However, it was not clear whether soil P
desorption was replacing labile P pools once the labile P
released by fire/heating was removed from the soil solution
by plants or microorganisms or by sorption and leaching.

This present study was aimed at studying the effect of
soil heating or autoclaving on the dynamics of P desorption
by monitoring available P by Bray extractions and
describing P sorption by P sorption isotherms. Five
temperate Australian forest soils with contrasting available
P, microbial P and P sorption capacities were studied to
show a wide array of responses to the heating and
autoclaving effects. The used temperatures ranged from
60°C to 250°C and were similar to those found in a mineral
soil during mild and intense fires.

Materials and methods

Experimental sites and soil characteristics

Five soils from different experimental sites in the south-east
of Australia were studied (Table 1; Khanna et al. 1986;
Serrasolsas and Khanna 1995). Soils from Du, Un and Gn
sites were sampled at Cabbage Tree Creek, East Gippsland,
Victoria (37°42′ S, 148°43′ E), under a lowland sclerophyll
forest of eucalypt, with Eucalyptus sieberi, E. globoidea
and E. baxteri being the dominant trees. The mean annual
rainfall is about 1,100 mm, evenly distributed throughout
the year. Soils from Pc and Biology of Forest Growth
Experiment (BFG) sites were collected at Brindabella
Range, west of Canberra, ACT (35°21′ S, 148°56′ E). Pc
site was located at the Picadilly catchment and under
Eucalyptus pauciflora sub-alpine forest, which had a cool
temperate climate and annual rainfall of about 1,200 mm
occurring throughout the year. The BFG site is a Pinus
radiata plantation at Pierces Creek with an annual rainfall
of 790 mm. BFG and Du soils are Haplic Podzols (WRB
2006) corresponding to Yellow Podzolic soils of the
Australian soil classification (Stace et al. 1968) and are
characterised by a duplex profile, with a sandy loam
A horizon, a distinct pale A2 horizon, and a yellowish B
horizon of much higher clay content; the pH of the A
horizon (the one sampled for this study) is moderately
acidic, with poor to moderate organic matter content
(Table 1). Un soil, an Haplic Arenosol (WRB 2006) or a
Siliceous Sand (Stace et al. 1968), is a sandy soil with a
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uniform profile; it has a low pH and a high content of
organic matter (Table 1). Gn is a Haplic Luvisol and Pc a
Humic Alisol (WRB 2006), and both correspond to a
Yellow Earth and Red Earth, respectively (Stace et al.
1968). Both soils present a Gradational profile form, with a
gradual change in texture becoming more clayey with soil
depth, and have a high content of sesquioxidic clay
minerals. The Luvisol Gn has a sandy–loam texture, is
acidic and contains a moderate content of organic matter.
The Alisol Pc is a very acid loamy A horizon, with high
amounts of exchangeable Al and organic matter contents
(Table 1).

Soil sampling and heating treatments

Soil sampling was described in a previous paper (Serrasolsas
and Khanna 1995). Bulk samples were taken from the
surface (0–5 cm) mineral soil at ten randomly located
points. These samples were mixed to form a composite
sample and sieved (<0.5 cm). The field moist samples were
stored at 4°C until used. All experiments were carried out
within a few days after sampling.

Four sub-samples from the bulk sample were spread on
aluminium foil to form a 2-cm-thick layer and were
separately heated for 30 min at 60°C and 120°C in an
oven and at 250°C in a muffle furnace. These treatments
with the exception of the heating of Pc soil at 250°C were
those reported by Serrasolsas and Khanna (1995). Another
three sub-samples were placed in plastic containers and
autoclaved (121°C and 1.5 MPa pressure) for 30 min.
During the heating, the oven and the muffle furnace were
opened once, and soils were stirred to ensure homogeneous
heating. Heat treatments were selected on the basis that

soils affected by wildfire would be subjected to temper-
atures of around 60°C to higher than 200°C for low and
intense burning (Walker et al. 1986).

Soil analyses

The P desorption was studied by extracting repeatedly soils
heated at 60°C, 120°C and 250°C, with four replicates per
each temperature and with three replicates for the auto-
claved soils (121°C and 1.5 MPa). All soils were extracted
with a diluted acid-fluoride (Bray-I method; Bray and Kurtz
1945) solution with a soil/extract ratio of 1:5 and 5 min of
mild shaking. After the first extraction, the extract was
centrifuged at 3,360×g and filtered; then, the sediment was
extracted again using the same centrifuge tubes. This
procedure was repeated ten times, except for the BFG soil
that was extracted seven times. Other authors have
proposed the use of repeated extractions of P as a method
for determining soil P-supplying capacity (Stewart et al.
1990; Smethurst 2000) or for studying desorption kinetics
of P (Sato and Comerford 2006). Phosphorus of soil
extracts was analysed by the molybdate–ascorbic acid
procedure of Murphy and Riley (1962) and was operation-
ally defined as inorganic P. Total P of the Bray extract was
determined using the same method after a digestion with
H2SO4 and H2O2. Organic P in the Bray extracts was
calculated from the difference between total P and
inorganic P.

To describe the dynamics of P desorption, we fitted the
cumulative P released by repeated Bray extractions to the
following ion desorption model:

y ¼ A 1� e�Bx
� �þ Dx ð1Þ

Table 1 Soil characteristics of the studied soils

Soil code BFG Du Un Gn Pc

Sand (%) 73 72 98 65 34
Silt (%) 19 17 2 23 40
Clay (%) 8 11 0 12 26
C (g kg−1) 17 32 95 62 106
N (g kg−1) 0.6 0.8 2.4 1.2 3.6
Total P (μg g−1) 252 68 45 94 458
Organic P (μg g−1) 51 31 42 53 316
Bray inorganic P (μg g−1) 30.24 0.46 1.00 0.55 1.66
Bray organic P (μg g−1) 0 0 0 5.05 1.79
Microbial P (μg g−1) 0 4.15 10.97 2.7 12.31
pH (H2O) 4.6 4.2 3.6 4.0 3.8
Exchangeable cations (mmol(+) kg

−1) 94 49 203 110 139
Exchangeable Al (mmol(+) kg

−1) 0.95 7.60 22.00 18.50 90.20
Exchangeable Fe (mmol(+) kg

−1) n.a. 0.27 0.47 0.35 n.a.

BFG and Du are Haplic Podzols, Un is an Haplic Arenosol, Gn is Haplic Luvisol and Pc is an Humic Alisol. Bray inorganic P, Bray organic P and
Microbial P flush data are from the present study; other data are from Khanna et al. (1986) and Serrasolsas and Khanna (1995). n.a. refers to not
analysed.
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where y refers to the P content (μg g−1 of dry soil), x to the
volume of the extracting solution (ml) and A, B and D are
constants, representing, respectively, the maximum P
desorption, the P desorption rate and the dissolving rate.
This equation has two components; the first describes an
exponential rise to maximum, which can be desorbed from
the soil (the asymptote A) at a desorption rate B, and the
second component Dx is the dissolution of P occurring
proportionally to the amount of extracting solution. This
model was used by Khanna et al. (1986) to distinguish
exchangeable ions from other ion sources in burnt soils.

The P sorption isotherms were plotted by the values of
two analytical replicates, which were obtained by bulking,
the four or the three soil replicates, of the unheated, 250°C
heated and autoclaving treatments. We prepared eight
0.01 M CaCl2 solutions containing from 0 to 150 μg P-
KH2PO4 ml−1. These solutions were added to soil at 1:10
weight/volume ratio (w/v) and allowed to equilibrate by
shaking for 24 h. To separate the solid phase from the liquid
phase, samples were centrifuged at 3,360×g for 10 min and
then filtered. We did not add any biocide to kill micro-
organisms, so P sorption may also include microbial

immobilisation. The adsorbed P was calculated as the
difference between the initial and the remaining P concen-
tration of the soil solution (Bache and Williams 1971). The
initial P was the amount that was added (0–150 μg P) plus
the P extracted from soil by the Bray method. Inorganic P
in the extracts was determined using the Murphy and Riley
(1962) method. The adsorption isotherms were described
by fitting the 16 pairs of data for each treatment and soil to
the Langmuir equation:

C

X
¼ 1

K

1

Xm
þ C

Xm
ð2Þ

where X is the amount of P adsorbed in the soil (μg P g−1

soil) at an equilibrium P concentration of soil solution, C
(μg P ml−1). A plot of C/X against C should gives a straight
line of slope 1/Xm from which an adsorption maximum Xm

(μg P g−1 soil) can be calculated. The constant K is related
to the P-bonding energy or the affinity coefficient (ml μg−1

P) and can be calculated from the intercept.
Microbial P flush was determined by the fumigation–

extraction method using hexanol as a biocide (Serrasolsas
and Khanna 1995). Four milliliters of hexanol were added

Table 2 Effect of soil heating and autoclaving on P desorption

Soil T (°C) Initial Bray P (μg P g−1) Max. P desorption (A; μg P g−1) Desorption rate (B; μg P g−1ml−1) R2

Mean SE Mean SE Mean SE

BFG 20 30.24 1.01 96.57 1.34 0.075 0.003 0.990
60 31.80 1.07 95.92 3.62 0.077 0.007 0.924
120 32.40 1.12 97.68 2.47 0.076 0.005 0.966
250 46.45 1.67 129.30 7.44 0.090 0.015 0.771

Du 20 0.46 0.01 2.94 0.06 0.034 0.001 0.993
60 0.37 0.03 3.38 0.13 0.027 0.002 0.988
120 1.40 0.14 4.39 0.11 0.072 0.005 0.912
250 4.52 0.62 10.13 0.55 0.118 0.028 0.373
Autoclave 3.41 0.03 5.77 0.04 0.166 0.006 0.955

Un 20 1.00 0.12 3.63 0.11 0.071 0.006 0.883
60 0.45 0.01 3.00 0.13 0.048 0.005 0.924
120 1.08 0.08 3.27 0.06 0.080 0.005 0.925
250 5.02 0.34 8.16 0.20 0.195 0.029 0.460
Autoclave 8.53 0.51 12.21 0.12 0.261 0.019 0.764

Gn 20 0.54 0.00 n.f. n.f.
60 0.56 0.00 n.f. n.f.
120 0.90 0.04 n.f. n.f.
250 3.08 0.36 16.80 2.46 0.037 0.011 0.735
Autoclave 3.56 0.02 26.78 0.87 0.038 0.002 0.984

Pc 20 1.66 0.03 n.f. n.f.
60 2.07 0.21 38.39 6.75 0.013 0.003 0.961
120 2.39 0.09 39.19 1.70 0.018 0.001 0.995
250 0.48 0.20 n.f. n.f.
Autoclave 9.44 0.06 70.84 1.45 0.029 0.001 0.997

Initial Bray P concentration (mean and standard error) and P desorption parameters fitted to the asymptotic exponential equation 1 (see text) with
the standard error for each parameter. R2 refers to the variance accounted for the fitted equation. All fitted curves were significant at P<0.05. n.f.
refers to data that did not fit with the model. Autoclave treatment for BFG is not available.
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to a 10-g field moist soil sample. After 24 h of fumigation,
soil was extracted for 5 min by the Bray-l method. P flush
was calculated as the difference in inorganic P between the
fumigated and unfumigated soils without multiplying for
any coefficient to calculate microbial biomass; thus, we
considered microbial P flush as an estimate of the P
microbial biomass.

Statistical analyses

Data from the three or four replicates for each treatment and
soil were analysed using one-way analysis of variance to
compare temperature differences. The Duncan’s multiple-
range test was used to define significant differences
between heating temperatures and autoclaving at a proba-
bility less than 0.05. To fit desorption and adsorption
models, we used linear regressions, and for non-linear
curves, we used the least-square sum method. Differences
between linear curves were tested with analysis of co-
variance taking P concentration in the solution as a
covariant.

Results

Phosphorus desorption

The podzolic soil BFG showed a high content of inorganic
Bray P, 30 μg·g−1, whereas the other soils (Du, Un, Pc and
Gn) had very low values, less than 2 μg·g−1. Except for the
BFG soil, the amount of P associated with microbial
biomass was much higher than that extracted as inorganic
P (Table 1). Autoclaving and heating soils at high
temperature (250°C) increased the content of inorganic
Bray P when compared to the content extracted from
unheated soil, except in Pc soil when heated at 250°C
(Table 2).

The pattern of P extracted from soil by repeated
extractions shows that, after the readily extractable P was
removed by the first extraction, soils continued to release P
at a lower rate in the subsequent extractions (Fig. 1). On
heating and autoclaving, a large increase in the total amount
of P released during ten extractions was observed in all
soils. However, in the Pc Alisol, very little P was released
by the initial extraction of soil heated at 250°C; the
extracted P increased by repeated extractions or by the
volume of the extracting solution.

The amount of inorganic P released by repeated
extraction fitted better to the first than to the second
component of the desorption equation 1, indicating that in
these soils, the P forms undergoing a continuous P
dissolution were not important. There were differences in
the pattern of P release between the heated and unheated

soil samples. For the Podzols (BFG and Du) and the
Arenosol (Un), the P released by repeated extraction
followed an asymptotic value (A) for unheated, heated and
autoclaved treatments (Table 2). The P data from unheated
Luvisol (Gn) and Alisol (Pc) did not fit to this equation as P
released increased continuously with the volume of the
extracting solution (Fig. 1). However, P desorption data
after autoclaving or after some heating treatments (250°C
for Gn, and 60°C and 120°C for Pc) successfully fitted to
the asymptotic equation (Table 2).

Soils heated at 250°C or autoclaved showed much
higher P released, as indicated by A values, than the
unheated soils. Parameter B in the equation described the P
desorption rate, which was the highest for the 250°C-
treated and autoclaved soils than for those unheated or
heated to low temperatures (Table 2).

The Luvisol and the Alisol soils (Gn and Pc, respective-
ly) contained considerable amounts of organic P in the Bray
extracts; Gn soil had 5 μg·g−1 and Pc soil 1.8 μg·g−1

Fig. 1 Inorganic P (μg P·g−1) released by repeated Bray extractions
(from 5 to 50 ml g−1 soil) for heated and autoclaved soils. Each point
is a mean of four (heating) or three (autoclaving) values. Autoclaving
for BFG is not available

Biol Fertil Soils (2008) 44:1063–1072 1067



(Fig. 2a). Bray extracts of the other soils did not show any
detectable levels of organic P. Heating the Luvisol (Gn) at
120°C and 250°C decreased the amount of total and
organic P in the Bray extraction, while inorganic P
increased (Fig. 2a). On the other hand, heating the Alisol
(Pc) soil at 120°C solubilised labile organic P and increased
the total Bray P in the initial extraction (Fig. 2a). However,
heating Pc soil at 250°C decreased both inorganic and
organic Bray P forms to almost zero (Fig. 2a). The amount
of organic P extracted by repeated extractions of these soils
(Fig. 2b) decreased by heating at 250°C, whereas the
amount of inorganic P increased in Gn and Pc soils
(Fig. 2b).

Sorption of phosphorus

Phosphorus sorption isotherms of the studied soils are
shown in Fig. 3, and the parameters of the Langmuir
equation are shown in Table 3. Maximum P sorption values
(Xm) of unheated Luvisol and Alisol soils (Gn and Pc) were

(1,280 μg P·g−1) about 10 to 20 times higher than those of
the unheated BFG, Du and Un soils (183, 103 and 54 μg
P·g−1, respectively). In contrast, the affinity coefficient K
was very high for the sandy Un soil showing a high
adsorption of the P added at low concentrations. The lowest
K values were for the podozolic Du and BFG soils, whereas
these values for Gn and Pc soil were intermediate (Table 3).

Soils with the lowest P sorption capacities (Du and Un
soils) when heated at 250°C showed a strong decrease in
the number of P sorption sites (as indicated by maximum P
sorption, Xm), especially in the Arenosol (Un), and in the
value of the affinity coefficient (K). On the other hand, the
BFG soil and the soils (Gn and Pc) with a high P sorption
capacity did not show any statistical change in their
sorption capacity (Xm) or in their affinity coefficient after
heating.

On autoclaving, the P sorption capacity decreased
significantly in all soils, except in the BFG soil (Table 3).
The Arenosol Un showed the highest decrease (88%) in Xm

after autoclaving, followed by Du (32%), Pc (25%), and Gn

Fig. 2 Inorganic, organic and
total Bray P of Luvisol (Gn) and
Alisol (Pc) soils heated at
different temperatures. In auto-
claved soils, only inorganic
Bray P was analysed. a Initial
Bray extraction by using
5 ml g−1soil. b Amount of P
released after ten repeated
extractions (50 ml g−1 soil).
Mean and SE of three or four
sub-samples. Different letters
indicate significant differences
among temperatures for
each P type
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(17%; P<0.05). Autoclaving decreased K values slightly in
most of the cases, indicating a decrease in P retention
strength by soil.

Discussion

In all the studied soils, heating to high temperature (250°C)
or autoclaving increased the amount of Bray P of the first
extraction and the successive extractions. Heating soils at
temperatures lower than 120°C generally did not affect the
amount of available P (Table 2). The increase in the amount
of available P after fire has been already reported (Raison et
al. 1985; Saa et al. 1993; Cade-Menun et al. 2000) and

supposed to be due to soil heating and ash deposition.
Heating alone has also produced an increase in available P
(Serrasolsas and Khanna 1995; Endlweber and Scheu
2006).

The different soils behaved differently in the dynamics
of P sorption and P release after heating or autoclaving due
to different soil characteristics. The soils with the lowest P
fixing capacity, the Arenosol (Un) and the Podzol (Du)
soils, showed an increase in P desorption on heating and
autoclaving (Table 2), and this increase was mainly
detected by the first extraction following the heat treatment.
This was probably related to the release of microbial P
(Table 1; Serrasolsas and Khanna 1995). Similarly, Turner
and Haygarth (2001) and Styles and Coxon (2006) have
reported a microbial origin of high amounts of water-
soluble inorganic P released after drying and re-wetting
cycles of soils. Sorption of P in low P-fixing soils was
affected by heating at 250°C or autoclaving, especially in
the Arenosol (Un) soil. Probably, the strong decrease in P
sorption depended partially on the suppression of microbial
P uptake after heating, as reported by Serrasolsas and
Khanna (1995), because microbial P flush decreased to
almost zero by heating of soils at 250°C or autoclaving. In
these low P-fixing soils, the microbiological cycle seems to
control P availability and sorption and desorption process-
es. Indeed, when the microbial population is killed by
heating or autoclaving, P sorption is strongly decreased and
a short increase in labile P is observed. The recovery of the
microbial population would re-establish the dynamics of
available P in these low P-fixing soils.

It is important to underline that any forest fire has a
spatially heterogeneous nature. Romanyà et al. (1994)
observed that after slash burns of our podzol Du soil, P
sorption capacity (Xm) decreased only in areas that had low-
intensity burns and had received little or no ash deposition,
whereas on ashbed areas, a large increase in P sorption was
observed. They attributed this increase to the addition of
ashes, which contained sesquioxide complexes from burnt
organic matter. Thus, P availability after fire probably
increased over the long term only in the ashbed areas, while
it quickly decreased in low-intensity burnt areas.

Changes in P desorption and sorption after heating soils
at high temperatures or autoclaving were less important for
the low P-fixing BFG soil, probably because it contained a
high amount of available P and any change in P retention
would not likely limit P availability (Table 3). The increase
in the amount of P desorbed after heating was related to
neither microbial P nor organic P, which were at undetect-
able levels in this soil, but it depended on the solubilisation
of other mineral P sources. Serrasolsas and Khanna (1995)
reported that the P released in this soil by heating was not
immobilised under laboratory conditions but remained in its
extractable form.

Fig. 3 Effect of heating or autoclaving on P sorption (μg P·g−1) as a
function of P concentration in solution (μg P ml−1)

Biol Fertil Soils (2008) 44:1063–1072 1069



In soils of high P-fixing capacity (Gn and Pc soils), P
continued to be extracted by repeated extractions with the
Bray method without reaching at any asymptotic value.
These soils contained labile organic P, which was also
extracted by repeated extractions and was 3.3 to 5.5 times
greater than microbial P flush (Table 1) indicating that most
of the extracted organic P was not of microbial origin. The
Gn and Pc soils showed a decrease in total labile P (organic
and inorganic) at high temperature (250°C) in the initial
single extraction. As P volatilisation does not occur below
360°C (Raison et al. 1985, Kauffman et al. 1993), this P
decrease after heating may be attributed to a quick re-
adsorption of extracted P by soil particles (Fig. 2b). The Gn
and Pc soil did not show any significant change in P
sorption after heating at 250°C, suggesting that heating
these soils would not have any substantial effect on soil P
supply. Changes in P availability occurring in these high P-
fixing soils as a result of heating probably were due to
solubilisation of organic P with its quick re-adsorption by
the soil particles. However, these changes are very small
compared to the high amount of P sorbed in these soils, due
to the high content of sesquioxidic clay minerals, organic
matter and, in the case of the Alisol (Pc), high exchange-
able Al content (Table 1).

In contrast to others (Kwari and Batey 1991; Juo and
Manu 1996; Giardina et al. 2000; Ketterings et al. 2002),
we have found a decrease or no change in the P sorption
after heating at 250°C. Probably, in our soils, the changes
occurring at temperatures not higher than 250°C mostly
involved soil microbiota and organic components and not
the mineral components. Indeed, the above mentioned
authors found more intense effects than ours heating soils

at 300°C, 450°C and 600°C and heating soil for longer
times. These effects included combustion of organic matter,
production of ashes, changes in the mineralogy fractions
and changes in the specific surface area, with generally
higher P sorption than those observed in our soils. For
instance, Ketterings et al. (2002) found an increase of the
maximum sorption capacity (Xm) of a high P-fixing oxisol
after heating in an oven at temperatures greater than or
equal to 450°C, and this increase was attributed to the
increase in specific surface area of the mineral fraction.

After autoclaving (121°C), similar or even larger
amounts of P were released than by heating at 250°C,
suggesting that a number of chemical and/or biological
processes can cause P desorption on heating moist soils
under pressure. Indeed, Otabbong and Barbolina (1998) and
Anderson and Magdoff (2005) found that autoclaving
different soils increased the amount of soluble orthophos-
phate monoesters and diesters and the amount of inorganic
P. Hart et al. (2005) stated that moist heat is more effective
at killing soil microorganisms than dry heat; lethal temper-
atures (50–210°C) for specific microbial groups may be
reduced by as much as one half under moist conditions. In
fact, except for BFG soil, the amount of P extracted by the
single initial Bray P extraction after autoclaving was similar
to the amount of microbial P of the unheated soils (Table 1),
and both parameters showed a significant correlation (r=
0.989, P<0.012), suggesting that the microbial P was a
source of labile P after autoclaving. Other authors have
reported similar results (López and Barbaro 1988; Seeling
and Zasoski 1993; Serrasolsas and Khanna 1995). In
addition, autoclaving soils decreased the P sorption of all
studied soils, except in the BFG soil (Table 3). Similarly,

Table 3 Parameters of the Langmuir model (Eq. 2, see text) were fitted with P concentrations of the soil solution (>0.2 μg P ml−1)

Soil Temperature (°C) Pairs of data (n) Classical Langmuir, C
X ¼ 1

K
1
Xm

þ C
Xm

Xm (μg g−1) SE K (ml µg−1) SE R2

BFG 20 12 183.0 2.6 0.30 0.05 0.998
250 10 154.3 1.8 1.64 0.53 0.999
Autoclave 14 168.0 7.7 0.19 0.06 0.976

Du 20 7 102.8 4.8 0.30 0.10 0.989
250 12 76.9 2.9 0.17 0.02 0.986
Autoclave 12 70.0 4.7 0.14 0.03 0.957

Un 20 6 53.6 0.8 2.94 1.17 0.999
250 8 7.6 2.4 0.29 0.13 0.623
Autoclave 9 7.6 0.8 0.83 0.24 0.963

Gn 20 16 1,268.5 25.3 0.72 0.09 0.994
250 10 1,253.0 17.1 0.99 0.18 0.999
Autoclave 18 1,055.2 26.4 0.46 0.04 0.990

Pc 20 18 1,290.0 40.6 0.42 0.07 0.984
250 12 1,385.4 49.1 0.28 0.04 0.988
Autoclave 18 962.9 18.9 0.42 0.04 0.994

Xm is the maximum P sorption capacity and K is the P affinity coefficient
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Xie and MacKenzie (1991) found a decrease in sorption
capacity of the autoclaved soils and an increase in P
desorption that were related to a decrease in extractable Fe
and Al and an increase in cation exchange capacity and
surface tension. The main treatment difference between
autoclaving and (air or oven) drying was moisture vapour,
so, according to these authors, water molecules could be
adsorbed on the soil surface particles blocking or occupying
adsorption sites and, as a result, reducing P sorption.

Conclusions

Heating soils at high temperatures or autoclaving increased
available P content, probably due to the death of soil
microorganisms, soil organic matter solubilisation and
chemical changes in soil components. Soil heating and
ash deposition can explain the increase in available P
during wildfires. In low P-fixing Podzolic soils (BFG and
Du) and in the Arenosol (Un), heat-released P was easily
desorbed with a single Bray extraction, whereas in the high
P-fixing soils (Gn and Pc), P released by heat was
transiently re-adsorbed and could be only recovered by
repeated Bray extractions.

Autoclaving decreased P sorption of all soils, but the
effect of heating depended on the soil. High P-fixing soils
(Pc and Gn) showed no or little changes in P sorption when
heated at high temperature. In contrast, low P-fixing soils
(Un and Du) showed a strong decrease in P sorption or no
changes when labile P was high and organic matter and
microbial P were low (BFG soil). During forest fires, the
reduction in soil P sorption capacity that may occur, in
some cases, as a result of heating may be counter-balanced
by the increase in P sorption capacity due to ash deposition.
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