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Abstract

The carbon mineralization dynamics of two Humic Cambisols, developed over granite, one under Pinus sylvestris L. (1740 m

a.s.l.) and the other under Pinus pinaster Aiton (140 m a.s.l.), were determined in samples of 0±5 and 5±10 cm depth collected
after high intensity wild®res. Burnt and unburnt soils were sampled ®ve times over 2 yr after the wild®res to determine changes
in C concentration and in potential mineralization activity of the soil organic matter. Soil samples from the same forests

una�ected by the ®res were used as controls. In both soils the ®re resulted in a substantial decrease in the soil carbon
concentration. Immediately after the ®re, the C mineralization was decreased in the surface layer; however, the percentage of
total C mineralized increased in both layers. The evolution of these variables over time depended on the soil and on the layer

considered. During the ®rst months after the burning the C mineralization presented values lower than those of the control in
both layers of the soil located at higher altitude (M) and in the surface layer of the other soil (R), but values higher than those
of the control in the subsurface layer of soil R. For the same period, the C mineralization coe�cient in the surface layer was

similar to (M) or lower than (R) that of the corresponding control, whereas in the subsurface layer it was maintained above that
of the control in both soils. Two years after the ®re, the total C concentration had been recovered in the surface layer of both
soils whereas in the subsurface layers its value was still 15±19% lower than that of the same layer in the corresponding control.
At the same time, the C mineralization and the percentage of the total C mineralized in the surface layer of the burnt soils were

lower than those in the corresponding unburnt soils. In the subsurface layer, soil M exhibited values of these two mineralization
indices higher than those of the control, whereas soil R presented values lower than those of the control from 1 yr after the ®re.
The cumulative CO2-C evolved by the samples during each incubation ®ts two kinetic models: a simple and a double

exponential ®rst order equation. In most cases the coe�cient of determination (R 2) was higher for the double exponential
model. The ®re a�ected the kinetic parameters; the e�ect was ephemeral on the labile C pool, which increased its content (C0)
and its mineralization rate (k ), but more persistent on the recalcitrant fraction, which shows a long-term decrease of its

instantaneous mineralization rate (h ). According to principal components analysis, the variability of the samples studied is
mainly due to di�erences on their organic matter quality and, in a smaller proportion, to di�erences in organic matter
concentration. The e�ect of ®re on these factors, which was more pronounced in the soil with the initially higher C
concentration, persisted during the 2 yr study. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Soil organic matter mineralization a�ects soil ferti-

lity and is conditioned by many factors e.g. type of

soil, humus-layer quality and moisture content (MerilaÈ

and Ohtonen, 1997), temperature (Wildung et al.,

1975), irradiation (Wen et al., 1997), tillage and soil

texture (Franzluebbers and Arshad, 1997) and pro®le

depth (Rovira and Vallejo, 1997). Due to its import-

ance and complexity it is a widely studied process

(Bekku et al., 1996; Pomazkina et al., 1996).

Forest plantations of the world total approximately
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130 � 106 ha with annual rates of establishment of

about 10.5 � 106 ha (Winjum and Schroeder, 1997)

and play an important role in sequestering and storing

carbon in terrestrial ecosystems (Sampson, 1995).

When natural ecosystems are altered, the organic mat-

ter turnover is modi®ed and can alter both pro-

ductivity and community structure of ecosystems

(Pastor and Post, 1986), because of its in¯uence on the

supply of nutrients to plants (Berg and Tamm, 1991),

on the composition of organic matter in the humus

layer (Wardle, 1992) and on soil structure. In the last

few decades, wild®re proliferation has become a wide-

spread problem in Mediterranean European countries

(Sanroque et al., 1985), even a�ecting regions until

now considered of low ®re risk, such as Galicia (DõÂ az-

Fierros et al., 1982). Wild®res not only destroy the soil

organic matter and produces soil erosion (Chandler et

al., 1983) but also results in the alteration of the min-

eralization dynamics of the organic matter that

remains in the soil after the ®re (Bauhus et al., 1993;

Prieto-FernaÂ ndez et al., 1993; FernaÂ ndez et al., 1997).

Although this problem is very important, studies on
this topic are scarce.

Taking into account the importance of the content
and quality of the soil organic matter in the ecosys-
tems, the C mineralization activity could be considered
as a suitable indicator of the immediate e�ects of ®res
on the soil and of the subsequent soil recovery rate.
Therefore, our objective was to study the C mineraliz-
ation in two Galician forest soils, which were strongly
a�ected by wild®res (FernaÂ ndez et al., 1997). The
study was conducted for 2 yr after the burning because
it is in this period when the secondary succession of
the vegetation registers the most important increases in
cover and biomass (Casal, 1985).

2. Materials and methods

The soils selected for the study were two Humic
Cambisols under pine forests with approximately 20 yr
old trees, developed over granite, which had been
a�ected by wild®res. Both soils (M and R) are located

Table 1

Main properties of the 0±5 and 5±10 cm depth layers from the burnt soil M, located in Cabeza de Manzaneda (mean2S.E.M.; n= 3 replicates)

and mean values of the corresponding unburnt soil for a 2 yr period (mean (S.D.); n= 5)

Depth (cm) Sample Time after ®re pH KCl C (g kgÿ1) C/N N (g kgÿ1) Fe2O3 (g kgÿ1) Al2O3 (g kgÿ1) CEC (meq 100 gÿ1) BS (%)

0±5 unburnt 0±2 yr 3.39 (0.24) 125.4 (33.9) 19 (2) 6.57 (1.70) 5.4 (0.8) 6.3 (1.0) 49.2 (11.3) 4.4 (1.3)

burnt 1 1 d 4.0020.00 74.420.6 15 4.8720.09 4.920.2 6.120.2 24.220.9 13.220.2

burnt 2 1 m 4.0120.00 73.520.7 17 4.2320.04 5.920.1 5.320.1 25.420.2 7.920.1

burnt 3 8 m 3.6020.00 70.623.8 15 4.8120.12 4.120.1 4.920.0 26.820.2 6.720.0

burnt 4 1 yr 3.6520.01 103.820.7 18 5.6420.06 3.720.1 4.320.1 25.020.1 9.620.2

burnt 5 2 yr 3.6520.01 83.020.3 18 4.5620.02 4.920.0 5.020.1 28.720.7 6.520.2

5±10 unburnt 0±2 yr 3.48 (0.24) 104.0 (22.1) 18 (2) 5.67 (0.82) 6.0 (1.1) 7.3 (1.4) 45.4 (4.4) 2.6 (0.9)

burnt 1 1 d 3.7820.02 51.121.2 15 3.3120.04 4.720.0 6.120.1 33.820.6 3.620.1

burnt 2 1 m 3.8320.00 56.820.4 20 2.8220.02 4.520.1 5.020.1 29.920.5 3.220.1

burnt 3 8 m 3.6020.01 57.320.5 19 3.0020.02 4.220.0 5.120.1 26.220.1 2.720.1

burnt 4 1 yr 3.5520.01 71.820.8 19 3.8620.02 3.920.0 4.720.1 29.620.4 3.920.1

burnt 5 2 yr 3.5820.02 72.220.4 19 3.8520.04 5.220.0 5.320.2 28.621.1 3.620.1

Table 2

Main properties of the 0±5 and 5±10 cm depth layers from the burnt soil R, located in Caldas de Reis (mean2S.E.M.; n= 3 replicates) and

mean values of the corresponding unburnt soil for a two year period (mean (S.D.); n = 5)

Depth (cm) Sample Time after ®re pH KCl C (g kg±1) C/N N (g kgÿ1) Fe2O3 (g kgÿ1) Al2O3 (g kgÿ1) CEC (meq 100 gÿ1) BS (%)

0±5 unburnt 0±2 yr 3.56 (0.22) 94.6 (15.6) 16 (1) 5.83 (0.80) 8.5 (1.8) 8.6 (2.3) 42.6 (3.3) 2.4 (0.4)

burnt 1 1 m 3.8120.01 86.920.2 12 7.1820.01 10.220.4 5.520.2 28.820.1 4.420.1

burnt 2 4 m 3.6520.00 120.820.4 16 7.8120.04 11.920.0 10.020.1 37.820.4 5.420.1

burnt 3 7 m 3.6120.01 108.020.6 14 7.6020.05 12.120.1 8.620.2 40.020.4 3.920.0

burnt 4 1 yr 3.2120.03 98.820.2 15 6.6920.02 10.220.0 8.220.1 35.920.3 2.920.2

burnt 5 2 yr 3.1020.00 118.123.6 16 7.2420.09 8.320.1 5.720.1 45.920.7 2.920.1

5±10 unburnt 0±2 yr 3.57 (0.23) 89.5 (18.7) 15 (1) 5.80 (0.93) 8.9 (1.6) 8.7 (3.0) 43.4 (5.5) 1.2 (0.4)

burnt 1 1 m 3.6120.01 93.720.4 14 6.8520.02 11.620.2 9.920.2 46.020.6 0.820.0

burnt 2 4 m 3.6020.00 92.920.1 14 6.6620.07 12.720.1 10.321.0 44.420.8 1.220.1

burnt 3 7 m 3.6420.00 94.520.4 14 6.7920.05 12.620.1 11.220.5 46.120.8 1.520.1

burnt 4 1 yr 3.4920.00 85.120.1 14 6.1820.06 10.420.1 10.020.4 45.620.1 1.120.1

burnt 5 2 yr 3.4020.00 82.220.7 14 5.9620.02 10.120.4 8.120.4 41.920.6 0.720.0
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in Galicia (northwest Spain) within the humid temper-
ate zone but in di�erent climatic conditions due to
their di�erent altitudes. Soil M is located in Cabeza de
Manzaneda (Orense) at 1740 m a.s.l., where the annual
rainfall was approximately 2000 mm and the annual
mean temperature 68C, with minima of ÿ48C and
maxima of 228C. This soil sustains a forest of Pinus
sylvestris L. and the undergrowth was composed of
Chamaespartium tridentatum (L.) P. Gibbs, Vaccinium
myrtillus L., Erica spp and species of Gramineae. Soil
R is located at approximately 100 km from soil M, in
Caldas de Reis (Pontevedra) at 140 m a.s.l., where the
annual rainfall was approximately 1800 mm and the
annual mean temperature 148C, with minima of 58C
and maxima of 268C. This soil sustains a forest of
Pinus pinaster Aiton with undergrowth of Ulex euro-
paeus L., Pteridium aquilinum (L.) Kuhn and diverse
herbaceous plants.

Both soils are acidic, sandy and unsaturated. The
main di�erences between M and R are the higher con-
centration of carbon and the lower concentration of
alteration compounds (Fe2O3, Al2O3) in soil M,
located at a higher altitude (Tables 1 and 2). In both
cases, part of the forest in the same topographic pos-
ition was not burnt, which allowed the use of the
unburnt soils as controls. Less than 100 m separate the
burnt soil plots from their controls. Both the burnt
and the unburnt plots belong to the same edaphic for-
mation, with no di�erence in their geomorphology
(GuitiaÂ n Ojea and Carballas, 1982; GuitiaÂ n Ojea et al.,
1986).

Both wild®res were high intensity accidental ®res
(Chandler et al., 1983) of late summer; in both cases
the undergrowth and the litter disappeared, the trees
died, the burnt soils presented a white ashes cover and
the mean depth of the soil penetrated by the ®re was
about 5 cm.

To better follow the changes of the potential C min-
eralization after the ®re, the intervals between succes-
sive soil samplings were short at the beginning of the
experiment because it was possible that for some soil
characteristics the changes happen quickly after burn-
ing. During the 2 yr of the experiment, ®ve samplings
were performed for each soil. Soil M was collected 1 d
and 1, 8, 12 and 24 months (samplings 1, 2, 3, 4 and
5, respectively) after the ®re. Soil R was collected 1, 4,
7, 12 and 24 months (samplings 1, 2, 3, 4 and 5, re-
spectively) after the ®re. The control soils were
sampled at the same intervals.

In the burnt areas, a plot of 10 � 10 m was estab-
lished and protected with a metallic fence during the 2
yr of the experiment to avoid external interference.
After the removal from the surface of the dry pine nee-
dles fallen from the dead trees after the burning, soil
samples were collected every time from the A horizon
at 0±5 and 5±10 cm depth all along a new continuous

pro®le 10 m in length inside the plot, gathering more
than 10 kg of each burnt sample. Soil samples from
the unburnt soils (M and R) were collected at the
same sampling intervals and at the same depth as in
the corresponding burnt soils, taking a great number
of samples at random. All samples were sieved and the
fraction less than 4 mm was homogenized. Fresh
samples were used for the study of potential C miner-
alization. Air dried samples were employed for the de-
termination of organic C and the other soil
characteristics. The results were adjusted to oven-dry
basis.

The methods described by GuitiaÂ n Ojea and
Carballas (1976) were used to determine the following
soil properties: ®eld capacity (at 10 kPa in a Richard's
membrane-plate extractor); pH in 1N KCl (1:2.5);
extractable Fe and Al oxides (by extraction with a
mixture of hydrosulphite and Tamm's reagent). C con-
centration was determined by combustion and
measurement of the CO2 in a Carmhograph 12 with
the primary oven at 9008C and the secondary oven at
4008C. Total N concentration was determined by
Kjeldahl digestion using the method of Bremner
(1965). The results are the average of three replicate
determinations using di�erent subsamples of the same
material.

Fresh samples, or samples stored at 48C for less
than 1 week, were used for the determination of C
mineralization kinetics by aerobic incubation of soil
samples. The incubation method was that of Guckert
et al. (1968) modi®ed by ChoneÂ et al. (1974), who used
an intermittent air ¯ow for aeration. Five replicates of
50 g soil from each sample were placed in 500 ml
Erlenmeyer ¯asks and maintained at 288C and 75% of
®eld capacity for 11 week. The atmosphere of the
¯asks was renewed periodically with humidi®ed and
CO2-free air and the CO2 evolved was trapped by bub-
bling for 2 h in 40 ml of 2 N NaOH. From 5 ml
NaOH solution, the Na2CO3 formed was precipitated
by 20% BaCl2 solution and then the remaining NaOH
was measured by titration against 0.2 N HCl using a
Metrohm 682 titrator. The CO2-C was then quanti®ed
by subtraction, using two empty ¯asks incubated
under the same conditions as the control (GonzaÂ lez-
Prieto et al., 1991; FernaÂ ndez et al., 1997). The poten-
tial C mineralization, expressed as g of CO2-C evolved
kgÿ1 of dry soil and the percentage of the total C that
was mineralized (C mineralization coe�cient) were cal-
culated.

The cumulative curves of CO2-C released over time
(means of ®ve replicates) were ®tted to the simple ®rst-
order kinetic model (Ct � C0�1ÿ eÿkt�� proposed by
Stanford and Smith (1972) and the double exponential
model (Ct � C0�1ÿ eÿkt� � �TCÿ C0��1ÿ eÿht�� pro-
posed by AndreÂ n and Paustian (1987), to quantify the
kinetics of C released from soils M and R. These two
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models are based on divergent hypotheses. The ®rst

model considers a unique C pool with a unique miner-

alization rate, whereas for the second one there are

two C pools of di�erent lability and therefore with

di�erent instantaneous mineralization rates. In the

simple exponential model, Ct is the cumulative C

released after time t (day), C0 is the potentially minera-

lizable C and k (dÿ1) is the instantaneous release rate.

In the double exponential model, Ct is the cumulative

C released after time t (day), C0 is the potentially

mineralizable C in a labile pool with an instantaneous

mineralization rate k (dÿ1), TC is the total amount of

C present in the soil sample (g kgÿ1) and (TCÿC0) is

the amount of C in a recalcitrant pool with an instan-

taneous mineralization rate h (dÿ1). The non-linear

parameter estimation procedures in SPSS.5.0.1 for

Windows were used to ®t the experimental data to the

model. To avoid errors in the parameter estimation the

convergence criteria indicated by Updegra� et al.

(1995) were used.

The C mineralization data of each incubation were

studied using a two-way Anova test, where the factors

considered were ®re (burnt/unburnt) and location of

the layer in the pro®le (surface/subsurface), to follow

the kinetic variations during the incubation as well as

to know if there was a signi®cant interaction between

both factors. The computer program SPSS 5.0.1 was

used. The least signi®cant di�erence (LSD) test

(Tukey, 1953) at the 95% probability level was applied
to the results. To simplify the interpretation of the
results a principal components analysis with varimax
rotation, using the computer program SPSS 5.0.1, was
utilized, with the purpose of showing the relationships
between variables and to identify the possible soil fac-
tors controlling the recovery of the carbon mineraliz-
ation activity in the burnt soils.

3. Results and discussion

3.1. Carbon concentration and C/N ratio

The ®re produced a signi®cant initial decrease of soil
C concentration (Tables 1 and 2; Fig. 1). This was par-
ticularly observed immediately after the burning in soil
M, with losses of 53 and 54% of the organic C in the
surface and the subsurface layers, respectively. The
change in the C concentration over the study period
di�ered between the two soils. In the surface layer, soil
R recovered the C concentration very quickly; 4
month after the ®re the C concentration in the burnt
soil was higher than that of the unburnt soil (Fig.1).
In the same layer of soil M the recovery occurred
much later, probably due to the winter freezing that
a�ected this soil, located at high altitude. Two years
after the burning, when the recovery of the vegetation

Fig. 1. E�ects of ®re on C concentration, expressed as di�erences

between the burnt samples and the corresponding unburnt samples,

for the surface (0±5 cm) and the subsurface (5±10 cm) layers of soils

M (a) and R (b), throughout 2 yr following a wild®re.

Fig. 2. E�ects of ®re on the C/N ratio, expressed as di�erences

between the burnt samples and the corresponding unburnt samples,

for the surface (0±5 cm) and the subsurface (5±10 cm) layers of soils

M (a) and R (b), throughout 2 yr following a wild®re.
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cover had already started, C concentrations in the sur-

face layer of both soils were similar to those of the

corresponding control soils, with di�erences lower

than 1%. In the subsurface layer, the recovery of C

concentration was slower than in the surface layer and

at the end of the study the C concentration in the sub-

surface layers of soils M and R was still 15 and 19%

lower, respectively, than in the corresponding controls.

The increases in C concentration during the ®rst year

after the ®re can only be attributed to unburnt remains

from dead roots which disintegrate and slowly incor-

porate into the soil, as revegetation during this period

was very scarce in both soils. According to Trabaud

(1983), subterranean plant organs, located near the soil

Table 3

Cumulative C mineralization and C mineralization coe�cient for 11 week incubation of the 0±5 and 5±10 cm depth layers from each of ®ve sam-

plings of the burnt soils M and R (mean2SEM; n= 5)

Depth

(cm)

Sample Soil M Soil R

Time after ®re C mineralization

(g C kgÿ1)
C mineralization coe�cient

(g C 100 gÿ1 TC)a
Time after ®re C mineralization

(g C kgÿ1)
C mineralization coe�cient

(g C 100 g-1 TC)a

0±5 burnt 1 1 d 2.5820.03 3.4720.05 1 m 1.8120.04 2.0920.10

burnt 2 1 m 2.2720.02 3.0920.03 4 m 2.6220.08 2.1720.14

burnt 3 8 m 1.8520.03 2.6320.04 7 m 2.2820.02 2.1120.04

burnt 4 1 yr 3.2220.07 3.1120.06 1 yr 1.5420.04 1.5620.08

burnt 5 2 yr 1.9420.03 2.3420.03 2 yr 4.9220.34 4.1720.65

5±10 burnt 1 1 d 1.9920.03 3.8920.05 1 m 2.1320.05 2.2720.12

burnt 2 1 m 1.7620.01 3.1020.03 4 m 2.4320.01 2.6220.04

burnt 3 8 m 1.3920.01 2.4320.03 7 m 1.8120.05 1.9220.11

burnt 4 1 yr 2.4020.03 3.3420.04 1 yr 1.0420.05 1.2220.13

burnt 5 2 yr 1.5420.02 2.3920.03 2 yr 2.7920.18 3.4020.49

a TC, total carbon.

Fig. 3. E�ects of ®re on the C mineralization and the C mineralization coe�cient, expressed as di�erences between the burnt samples and the

corresponding unburnt samples, for the surface (0±5 cm) and the subsurface (5±10 cm) layers of soils M and R, during 2 yr after a wild®re.
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surface and killed by the ®re, are very important for
the recovery of soil organic matter.

Both soils showed an initial decrease in the C/N
ratio as a consequence of the ®re (Tables 1 and 2; Fig.
2); this e�ect was observed in both layers, although it
was more pronounced in the surface layer. C/N ratios
were already recovering during the ®rst months after
the wild®re, but they were always lower in the burnt
soils than in the corresponding controls over the 2 yr,
except for the burnt subsurface layer of soil M, where
C/N ratios were higher than those of the control since
1 yr after the ®re, coinciding with the increase in the C
concentration. The high values of the C/N ratio in the
subsurface layer of the burnt soil M suggest the incor-
poration of poorly humi®ed organic matter into this
layer and con®rm the importance of the dead roots in
the increase of C concentration after the ®re.

3.2
.
C mineralization activity

In spite of their di�erent altitudes and C concen-
trations, both unburnt soils M and R had similar C
mineralization coe�cients. The mean values of the C
mineralization coe�cient in the surface and the subsur-
face layers of these unburnt soils were, respectively,

2.76 and 1.98% of the total C in soil M and 3.16 and
2.22% of the total C in soil R. These values indicate a
low potential mineralization activity, as also reported
by Carballas et al. (1979), Beloso et al. (1993) and
FernaÂ ndez et al. (1997) for undisturbed soils of the
same zone.

Table 3 shows the cumulative amount of C minera-
lized and the C mineralization coe�cient for the sur-
face and the subsurface layers of the burnt M and R
soils. The high C mineralization activity found in the
®fth sampling of the burnt soil R (4.17 and 3.40% of
the total C in the surface and the subsurface layers, re-
spectively) coincided with the high values in the corre-
sponding unburnt soil R (5.15 and 3.92% of the total
C in the surface and the subsurface layers, respect-
ively); therefore, it must be mainly attributed to
favourable climatic conditions, such as a high tempera-
ture and an adequate moisture content. The burning
a�ected both activity indices. Immediately after the ®re
(soil M) the C mineralization was decreased only in
the surface layer (Fig. 3a). Afterwards, in the surface
layers of both soils the C mineralization was also
lower in the burnt area than in the unburnt area for
almost the whole study period. In the subsurface layer

Table 4

Kinetic parameters for C mineralization models based on double ®rst order exponential equation: Ct � C0�1ÿ eÿkt� � �TCÿ C0��1ÿ eÿht�, for
cumulative C mineralization in the 0±5 and 5±10 cm depth layers of the burnt soils M and R (estimated values2asymptotic standard error) and

di�erences (D) between the kinetic parameters of the burnt and the corresponding unburnt soil samplesa

Soil Depth (cm) Sample Time after ®re C0 (g kgÿ1) k (dÿ1) h � 104 (dÿ1) R2 D (Burnt ± unburnt)

C0 (g kgÿ1) k (dÿ1) h � 104 (dÿ1)

Soil M 0±5 burnt 1 1 d 1.0620.02 0.18420.008 2.8020.06 0.9986 0.39 0.079 0.51

burnt 2 1 m 0.8020.03 0.12020.009 2.7220.09 0.9981 ÿ0.16 0.038 ÿ0.61
burnt 3 8 m 0.4920.02 0.07920.004 2.6020.04 0.9997 ÿ0.41 ÿ0.026 ÿ0.11
burnt 4 1 yr 1.8520.09 0.04720.002 1.8220.11 0.9997 0.32 ÿ0.016 ÿ0.72
burnt 5 2 yr 0.5620.02 0.06520.002 2.1920.03 0.9999 ÿ0.06 ÿ0.007 ÿ0.11

5±10 burnt 1 1 d 0.4720.01 0.17320.008 3.9820.04 0.9996 0.13 0.014 2.04

burnt 2 1 m 0.4120.01 0.17320.009 3.1720.04 0.9994 ÿ0.09 0.070 0.73

burnt 3 8 m 0.3320.02 0.09520.009 2.4420.06 0.9991 ÿ0.24 0.000 0.67

burnt 4 1 yr 1.2020.09 0.04720.003 2.2820.16 0.9995 ÿ0.01 ÿ0.003 0.26

burnt 5 2 yr 0.2820.02 0.08220.006 2.3020.04 0.9997 ÿ0.09 0.019 1.26

Soil R 0±5 burnt 1 1 m 0.7720.02 0.09720.004 1.6020.04 0.9993 0.31 0.007 ÿ0.84
burnt 2 4 m 1.6020.07 0.04420.002 1.1920.08 0.9997 0.91 ÿ0.032 ÿ1.83
burnt 3 7 m 1.1420.05 0.05320.002 1.4220.07 0.9997 0.61 ÿ0.034 ÿ1.20
burnt 4 1 yr 0.5120.02 0.09120.006 1.4020.04 0.9992 ÿ0.15 0.008 ÿ1.12
burnt 5 2 yr 6.3920.23b 0.01920.001b 0.9960b ÿ3.30 0.006

5±10 burnt 1 1 m 1.0220.02 0.12620.005 1.5820.05 0.9988 0.71 ÿ0.035 ÿ0.43
burnt 2 4 m 1.3920.05 0.05220.002 1.5320.07 0.9997 0.70 ÿ0.006 ÿ0.07
burnt 3 7 m 1.0420.04 0.05120.002 1.0920.06 0.9998 0.44 ÿ0.002 0.15

burnt 4 1 yr 0.3820.02 0.07820.006 1.0820.05 0.9988 ÿ0.25 0.022 ÿ0.20
burnt 5 2 yr 3.5920.10b 0.01920.001b 0.9976b ÿ1.76 0.002

a Ct=cumulative C released after time t; C0=labile C pool; k = instantaneous mineralization rate of the labile C pool; TC=total C; h= in-

stantaneous mineralization rate of the recalcitrant C pool.
b Values based on simple ®rst order exponential equation Ct � C0�1ÿ eÿkt�, because the asymptotic standard error based on double ®rst order

exponential equation surpassed 10% of the estimated values.
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the C mineralization developed di�erently over time in
the two soils. In soil M the C mineralization decreased
in this layer during yr 1 after the ®re and recovered 2
yr after the burning (Fig. 3a), whereas the C mineraliz-
ation in soil R increased throughout the ®rst months
and presented values lower than those of the control
since 1 yr after the ®re (Fig. 3c). This di�erent beha-
viour was in agreement with the di�erent input pat-

terns of organic matter showed by both burnt soils,
these inputs being earlier for soil R located at lower
altitude and not a�ected by the winter freezing.

Despite the considerable increase observed immedi-
ately after burning, the C mineralization coe�cient
decreased abruptly 1 month after the ®re in both layers
of soil M (Fig. 3b). One month after the ®re, the C
mineralization coe�cient in the surface layer of both

Fig. 4. Cumulative curves of the C mineralization during incubation of samples from the surface (0±5 cm) and the subsurface (5±10 cm) layers of

the unburnt soils from the ®rst sampling and of the burnt soils from the 5 samplings performed during 2 yr after the wild®re. Lines correspond

to the values predicted by the kinetic model and symbols correspond to the experimental values obtained during the incubation.
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soils was lower than that of the corresponding unburnt
soil, this behaviour being maintained during the 2 yr
in soil R, whereas in soil M the values were similar to
those of the control from 8 months after the ®re (Fig.
3b and d). In this layer, which was the most a�ected
by the ®re, when the initial increase in C mineraliz-
ation coe�cient disappeared, the organic matter
became more resistant to biodegradation. A decrease
in C mineralization coe�cient 2 yr after a wild®re was
also found by Almendros et al. (1984) who attributed
it to an increase in the humus stability, due to a rela-
tive decrease of the most easily biodegradable constitu-
ents. In the subsurface layers the C mineralization
coe�cients were maintained above those of the corre-
sponding controls for several months in soil R (Fig.
3d) and throughout all the experiment in soil M (Fig.
3b). The burning also caused slightly higher values of
the C mineralization coe�cient in the subsurface layer
than in the surface layer at the ®rst samplings after the
burning. The opposite was true for the unburnt soils,
the values of the C mineralization coe�cient for the
subsurface layer of the control soils being always ap-
proximately 30% lower than those in the correspond-
ing surface layers.

The two-way Anova applied separately to each
sampling of both soils performed during the 2 yr
study, considering the ®ve replicates of the C mineral-
ization coe�cient of each sample, indicated a signi®-
cant interaction between both factors, ®re and
sampling depth, in all cases except for the ®fth
sampling of soil R, carried out 2 yr after the ®re,
where this interaction was not signi®cant. This test
also showed that the di�erences observed between the
burnt and the corresponding unburnt samples were
always statistically signi®cant, except for the surface
layer of soil M from 8 months after the ®re and for
both layers of soil R 2 yr after the ®re (Fig. 3b and d).

3.3. C mineralization kinetics

The cumulative values of C mineralization for soils
M and R during incubation ®tted the ®rst-order
equation of the simple exponential model and that of
the double exponential model (Table 4; Fig. 4). In all
cases the determination coe�cients (R2) were slightly
higher for the double exponential model except for the
®fth sampling of soil R, the samples of which exhibited
much higher mineralization activity. In this case the
standard asymptotic error for the di�erent parameters
was very high and the mineralization kinetic ®tted the
simple exponential model better.

According to the kinetic parameters estimated for
the double exponential model, the labile C pool (C0)
increased immediately after the ®re (Table 4, soil M 1d
after the ®re) and the increase was greater in the sur-
face layer than in the subsurface layer (from 0.67 to

1.06 g C0 kgÿ1 soil and from 0.34 to 0.47 g C0 kgÿ1

soil, respectively). The instantaneous mineralization
rate of the labile fraction (k ), as well as that of the
most recalcitrant pool of the organic matter (h ), also
increased considerably in both layers immediately after
the burning, this increase being higher in the surface
layer for the former and higher in the subsurface layer
for the latter. This agrees with the mineralization kin-
etics of both layers (Fig. 4: M burnt 1). The greater
increase in the parameters C0 and k for the surface
layer 1 d after the ®re resulted from the higher activity
of this layer during the 2 ®rst weeks of the incubation
whereas the greater increase in the kinetic parameter h
for the subsurface layer resulted from the higher coe�-
cient of mineralization for this layer at the last phase
of the incubation, showing a total C mineralization
higher than that of the surface layer (Table 3).

Although a general trend was observed in the C
mineralization dynamics following the ®re, it was not
quite consistent for the two soils. In both layers of the
burnt soil M, the labile organic matter content
decreased with time, reaching the lowest values 8
months after the ®re, with C0 values lower than those
of the corresponding unburnt soils; from here to the
end of the experiment a tendency of recovery was
observed for C0 (Table 4). The mineralization rate of
the labile C (k ), which had increased considerably im-
mediately after the ®re in soil M, decreased throughout
the ®rst 12 months, exhibiting, 2 yr after the ®re,
values similar to those of the unburnt soils. The in-
stantaneous mineralization rate of the resistant frac-
tion (h ) was also modi®ed by the ®re, particularly in
the subsurface layer where this parameter, which had
increased strongly immediately after the ®re, decreased
during the ®rst 8 months and was almost constant
afterwards with values slightly higher than those of the
unburnt soil.

Soil R exhibited increased C mineralization in both
layers during the ®rst stages of the incubation of
samples collected 1 month after the ®re, as shown by
the high slopes of the cumulative curves for the burnt
soil during the ®rst 2 weeks of the incubation (Fig. 4:
R burnt 1). This increase progressively disappeared, so
that the slopes of the cumulative curves diminished
and, after these ®rst weeks of incubation, they became
lower than those presented by the cumulative curves of
the unburnt soil.

The high initial activity of the subsurface layer of
soil R, which was mainly observed in the ®rst two
samplings (1 month and 4 months) after the ®re, co-
incided with the higher cumulative C mineralization
and C mineralization coe�cient exhibited by this layer
at the end of the incubation, compared with both its
control and the surface layer of the burnt soil itself
(Table 3). High initial activity in the subsurface layer
could be due to its enrichment with soluble com-
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pounds leached from the surface layer as a conse-

quence of the heavy rain that took place between the

®re and the ®rst sampling. This is in agreement with

the amount of water-soluble C compounds of the sub-

surface layer of the burnt soil R before incubation

(0.64 g C kgÿ1 soil), which was twice that of the sur-

face layer of the same soil (0.33 g C kgÿ1 soil) 1

month after the ®re (I. FernaÂ ndez, unpublished PhD

thesis, University of Santiago de Compostela, 1997).

In later samplings, when this enrichment disappeared,

the C mineralization of the subsurface layer was lower

than that of the surface layer and the C mineralization

kinetics of both layers of the burnt soil were similar to

those of the corresponding unburnt soil (Fig. 4).

In both layers of the burnt soil R the values of C0

for the ®rst three samplings after the ®re were higher

than those exhibited by the corresponding samples of

the unburnt soil (Table 4); however, this e�ect disap-

peared 1 yr after the ®re and 2 yr after the burning the

values of C0 were lower than those exhibited by the

unburnt soil. During the whole period studied, the in-

stantaneous mineralization rate of the labile pool (k )

was not consistently modi®ed compared with that of

the unburnt soil. The mineralization rate of the recalci-

trant pool (h ), which had decreased 1 month after the

®re in soil R, was generally lower than that in the

unburnt soil during the study, this e�ect being greater

in the surface layer.

The di�erent behaviour of the C mineralization

dynamics of both soils after burning was also shown

Fig. 5. Principal components analysis. Variable weightings in three principal components: C=carbon concentration; N=nitrogen concentration;

C/N=carbon/nitrogen ratio; pH KCl=pH in KCl; Fe2O3=soluble Fe oxides; Al2O3=soluble Al oxides; CEC=cation exchange capacity;

BS(%)=percentage of base saturation; C min.=mineralized carbon kgÿ1 dry soil; C min.Coef.=carbon mineralization coe�cient; C0=labile car-

bon; k=instantaneous mineralization rate for labile organic fractions; h=instantaneous mineralization rate for recalcitrant organic fractions.
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when the coe�cients of correlation between the C min-

eralization at the end of the incubation and the kinetic

parameter C0 for soils M and R were compared. In

the burnt samples of soil M, a signi®cant positive cor-

relation between these variables was observed

(r = 0.965, P=0.000), whereas this was not true for

the burnt samples of soil R. The relative importance of

the labile and resistant fractions on the total C miner-

alization di�ered for each soil; the total C mineraliz-

ation of the burnt soil M was mainly determined by

the mineralization of the labile fraction, whose instan-

taneous mineralization rate (k ) increased after the

burning, whereas no fraction determines by itself the

total C mineralization of the burnt soil R.

The increased C mineralization coe�cient after the

®re (Fig. 3), could be attributed to the addition of

labile organic substances to the burnt soil, in agree-

ment with the predicted increase in C0 immediately

after the ®re. This labile organic matter, accessible to

microorganisms and not easily renewed, is quickly

metabolized and hence the increase in microbial ac-

tivity disappears rapidly. The origin of the labile or-

ganic compounds could be the transformation of more

recalcitrant ones. Almendros et al. (1988) found an

increase in lipids of shorter chain (<C20) after heating

the soil at 2108C. The increased C mineralization coef-

®cient could be also related to the modi®cation of the

soil conditions that had favoured the microbiota devel-

opment, such as an increase in soil pH after the ®re or

the addition of ashes to the soil which produces an

Fig. 6. Sample distribution based on PCA factor scores in the three-dimensional space de®ned by the three ®rst components explaining 75.4% of

the variance. The factor axes represent summaries of the variables on the component I, II and III axis, respectively and the sample distribution

in this three-dimensional space shows sample grouping with respect to the variables in the PCA model (1, 2, 3, 4, 5: sampling number).
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ephemeral increase in nutrient availability (Marion et
al., 1991; Prieto-FernaÂ ndez et al., 1993; Fritze et al.,
1994). In agreement with this, in both burnt soils stu-
died M and R signi®cant coe�cients of correlation
between the pH in KCl and the instantaneous mineral-
ization rates of both labile and resistant fractions
(r = 0.615, P = 0.002 for k; r= 0.531, P = 0.023 for
h ) and between the percentage of base saturation BS
and the potentially mineralizable C in the labile pool
C0 (r = 0.724, P = 0.000) were found. The increased
mineralization coe�cient after the ®re was also in ac-
cordance with the microbial proliferation observed by
VaÂ zquez et al. (1993) for the same soils. Van Veen et
al. (1989) found that microbial proliferation depends
not only on the availability of the organic substrate
but also on the amount of nutrients in the soil.

3.4. Principal components analysis

In order to obtain a more integrated understanding
of the factors most directly related to the behaviour of
the di�erent samples studied, a principal components
analysis (PCA) was used to examine the data.

Eigenvalues for the PCA, carried out with the ®ve
samplings of both burnt soils as well as the ®rst
sampling of the unburnt soils and 13 selected variables
(pH KCl, C, N, C/N, CEC, BS, Fe2O3, Al2O3, C min.,
C min.Coef., C0, k and h ) indicated that the three ®rst
components accounted for 75% of total variance (Fig.
5). Component I, mainly related to the organic matter
quality, explained more than 45% of the total var-
iance. The most heavily weighted variables of this
component were soluble Fe and Al oxides, at its posi-
tive extreme, and the C/N ratio and the kinetic par-
ameter h, at the negative extreme. This indicates that a
high concentration of altered compounds is related to
the more humi®ed and more stabilized organic matter,
showed by the lower C/N ratio and the slower instan-
taneous mineralization rate of the recalcitrant fraction
of the organic matter. The most heavily weighted vari-
ables of component II were those most related to the
organic matter concentration, whereas practically only
the variables related to the C mineralization activity
were associated with component III. Therefore, this
analysis shows that the main factor controlling the C
mineralization of the burnt soils was the stability of
the organic matter, due to high concentrations of Al
oxides in these soils (FernaÂ ndez et al., 1997).

Both unburnt soils are located in the same quadrant,
quite close each other (Fig. 6), particularly the subsur-
face samples, since the surface samples are slightly sep-
arated due to their di�erent total C concentration. The
weighting of the variables separated the burnt and the
unburnt samples as well as the burnt samples from
soils M and R. The burnt samples of soil M were
placed in a well-de®ned zone of the three-dimensional

space and their distribution along factor I separated
the surface and the subsurface samples of this soil due
to di�erences in their organic matter quality, whereas
factor II clearly separated all the burnt samples from
the unburnt soil due to the decrease in organic matter
induced by the burning. Burnt samples of soil R were
also clearly grouped, when excluding those from ®fth
sampling that were separated from the other samplings
along factor III due to their high mineralization ac-
tivity. In soil R the separation between the burnt and
the unburnt samples was observed along factor I and
there was no visible di�erentiation between the surface
and the subsurface samples of the burnt soil. The main
change due to the ®re observed in soil M was a pro-
nounced decrease in organic matter concentration,
whereas the burning resulted in a stabilization of the
organic matter and an increase in soluble Fe and Al
oxides in soil R. The greater separation observed
between the burnt and the unburnt samples of soil M
suggests that the e�ect of the ®re was greater on soil
M than on soil R, which would indicate a greater
intensity wild®re. The close location of the burnt
samples from each soil suggests the persistence of the
burning e�ects during the 2 yr study.

4. Conclusions

Besides the initial e�ect of ®re, a decrease of the C
mineralization and an increase of the C mineralization
coe�cient, the mineralization activity indices were
altered for at least 2 yr after the ®re in both soil layers
studied. The total C mineralization of the burnt soil M
was mainly determined by the mineralization of the
labile fraction of its organic matter, whereas no frac-
tion determines by itself the total C mineralization of
the burnt soil R. Although the evolution of the C min-
eralization di�ered in soils M and R, two important
e�ects were observed: an initial increase of the organic
matter lability (increases of C0 and k ), which was
ephemeral, and a subsequent and more persistent
increase of the organic matter stabilization. The instan-
taneous mineralization rate of the more recalcitrant or-
ganic matter (h ) showed that the surface layer of the
burnt soils was not still recovered 2 yr after the ®re,
when the revegetation had already started and the C
concentration was almost recovered, suggesting the
presence of soil organic matter of di�erent quality. In
the subsurface layer neither the C concentration nor
the kinetic parameter h had totally recovered 2 yr after
the ®re.
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