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Abstract The composition of soil microbiota in four
heated (350 7C, 1 h) soils (one Ortic Podsol over sand-
stone and three Humic Cambisol over granite, schist or
limestone) inoculated (1.5 mg chlorophyll a g–1 soil or
3.0 mg chlorophyll a g–1 soil) with cyanobacteria (Oscil-
latoria PCC9014, Nostoc PCC9025, Nostoc PCC9104,
Scytonema CCC9801, and a mixture of the four) was
studied by cultural methods. The aims of the work were
to investigate the potential value of cyanobacteria as
biofertilizers for accelerating soil recolonization after
fire as well as promoting microbiotic crust formation
and to determine the microbial composition of such a
crust. The inoculated cyanobacteria proliferated by 5
logarithmic units in the heated soils which were colo-
nized very quickly and, after 2 months of incubation,
the cyanobacterial filaments and associated fungal hy-
phae made up a matrix in which surface soil particles
were gathered into crusts of up to 1.0 cm in thickness.
These crusts were composed, on average, of 2.5!1010

cyanobacteria, 2.8!106 algae, 6.1!1010 heterotrophic
bacteria (of which 1.2!108 were acidophilic, 1.3!106

were Bacillus spp. and 1.5!108 were actinomycetes)
and 77.8 m fungal mycelium (1.4!106 were fungal pro-
pagules) g–1 crust. Counts of most microbial groups
were positively correlated to cyanobacterial numbers.
The efficacy of treatment depended on both the class of
inoculum and the type of soil. The best inoculum was
the mixture of the four strains and, whatever the inocu-
lum used, the soil over lime showed the most develop-
ed crust followed by the soils over schist, granite and
sandstone; however, the latter was comparatively the
most favoured by the amendment. In the medium term
there were no significant differences between the two
inocula rates used. Biofertilization increased counts of

cyanobacteria by 8 logarithmic units while heterotroph-
ic bacteria, actinomycetes, algae and fungal propa-
gules rose by 14 logarithmic units, acidophilic bacteria
and Bacillus spp. by around 3 logarithmic units and
fungal mycelia showed an 80-fold increase. The results
showed that inoculation of burned soils with particle-
binding diazotrophic cyanobacteria may be a means of
both improving crust formation and restoring microbial
populations.
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Introduction

Scientific interest in ecosystem degradation as a conse-
quence of fire has increased greatly in the last decade
because both the frequency of fires and the size of the
burned areas are increasing. Heat dramatically disturbs
the soil surface, provokes a decrease in diversity and
abundance of soil biota and increases strongly the risk
of erosion by wind and water (Ahlgren 1974; Vilariño
and Arines 1991; Vázquez et al. 1993; Fritze et al. 1993,
1994, 1998; Bååth et al. 1995; Acea and Carballas
1996a; Prieto-Fernández et al. 1998; Pietikäinen et al.
2000).

Cyanobacteria have a world-wide distribution and
can proliferate in habitats with ample fluctuations in
environmental parameters as pH, nutrient content and
availability, light, aeration, texture, temperature and
moisture. In agricultural soils it has been shown that
the growth of inoculated cyanobacteria produced sig-
nificant improvements of some microbiological, bio-
chemical and physical soil properties (Rao and Burns
1990; Rogers and Burns 1994), increased N fertility and
yield and N uptake by the crop (Venkataraman 1972;
Zimmerman 1993). Cyanobacteria are commonly pion-
eering species during the amelioration and revegetation
of degraded ecosystems, and have been frequently re-
garded as biofertilizers and soil conditioners (Venkata-
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raman 1972; Fogg et al. 1973; Tate and Klein 1985; Rao
and Burns 1990; Zimmerman 1993). As CO2- and N2-
fixers they provide energy and nutrients for the rest of
the community and, in addition, cyanobacterial fil-
aments make up a matrix in which associated microbes
and soil particles are gathered into what is known as a
microbiotic crust.

In burned soils, which suffer a strong alteration of
microbiological properties and may recover slowly
from surface disturbances (Ahlgren 1974; Fritze et al.
1993, 1994; Pietikäinen and Fritze 1993; Vázquez et al.
1993; Bååth et al. 1995; Acea and Carballas 1996a; Prie-
to-Fernández et al. 1998), the development of a micro-
bial crust might be critical in maintaining soil stability
and normal water and nutrient cycles, to avoid erosion,
and subsequent desertification, and to accelerate eco-
system regeneration (St Clair et al. 1986; Greene et al.
1990; Johansen et al. 1993; Eldridge and Bradstock
1994; Eldridge and Greene 1994). Consequently, prac-
tices that encourage growth of the crust will ultimately
lead to lower levels of environmental degradation, and
inoculation with a soil-crust slurry for reclamation of
heat-disturbed ecosystems has been proposed (St Clair
et al. 1986). Some researchers have also successfully
tested amendment with animal manure and plant resi-
dues as a means of restoring heat-disturbed soils (Díaz-
Raviña et al. 1996; Acea and Carballas 1999).

The aim of the this work was to investigate the po-
tential value of cyanobacteria as biofertilizers for the
acceleration of the recolonization of soils after fire and
to determine the composition of the microbial commu-
nity in the cyanobacterial soil crust. The effect of mi-
crobial inoculation on crust formation and the changes
in autotrophic (cyanobacteria and algae) and hetero-
trophic (saprophytic bacteria, acidophilic and spore-
forming bacteria, actinomycetes and fungi) microbial
populations were studied. The importance of the strain
and the dose of inoculum used as well as the type of
soil were also evaluated.

Materials and methods

Cyanobacterial culture and inocula

Four filamentous diazotrophic cyanobacteria (Oscillatoria
PCC9014, Nostoc PCC9025, Nostoc PCC9104 and Scytonema
CCC9801), isolated from diverse soils, were selected as inocula
because of their high growth capacity. Microbes were cultured
separately to late logarithmic phase in N- and organic C-free
Bold’s basal medium (distilled water 1 l, K2HPO4 0.08 g, KH2PO4

0.2 g, MgSO477H2O 0.08 g, CaCl2 0.02 g and minor elements solu-
tions 1 ml) (Metting 1994) at 22 7C under illumination (22 W
m–2), with cycles of 16 h light and 8 h dark. Cultures were har-
vested by centrifugation at 8,000 g for 10 min at 4 7C, washed
twice and resuspended in sterile distilled H2O before addition to
soil.

Soils treatments and incubation

Four different soils were studied: (1) forest (Pinus pinaster Aiton)
sandy Ortic Podsol over sandstone (SAN), (2) forest (Querqus

robur L.) sandy loam Humic Cambisol over granite (GRA), (3)
forest (Pinus pinaster Aiton) silty loam Humic Cambisol over
schist (SCH) and (4) pasture (graminaceous) silty loam Humic
Cambisol over limestone (LIM). All the soils are from the tem-
perate humid Atlantic European zone (Galicia, NW Spain). The
relevant characteristics of the soils are shown in Table 1. Fifty sur-
face (0–15 cm) subsamples of about 1 kg each were collected from
each soil. The samples were sieved (~2 mm) and thoroughly
mixed. The soils had 1.5–65.2!102 indigenous cyanobacteria g–1

soil and 0.5–9.3!106 heterotrophic microbes g–1 soil (Table 1).
Subsamples containing 300 g soil each were distributed in thin
(~1 cm) layers and heated at 350 7C in an oven for 1 h; the se-
lected temperature was achieved after 15 min of heating. The ob-
tained black ashes clearly showed morphological signs of the
heating similar to those found in the upper centimetres of burned
field soils. Portions (100 g) of each soil were separately placed in
cylindrical (9!9 cm, depth!height) polyethylene containers and
thoroughly mixed with 5% of the original fresh soil, to reproduce
field conditions and assure microbial diversity (Díaz-Raviña et al.
1992; Acea and Carballas 1999).

Cyanobacteria were inoculated evenly over the entire soil sur-
face by aseptically spreading small volumes of the cyanobacterial
suspensions. Five types of inocula were used: (1) Oscillatoria
PCC9014 (OS), (2) Nostoc PCC9025 (N1), (3) Nostoc PCC9104
(N2), (4) Scytonema CCC9801 (SC), and (5) a mixture of all four
(25% of each strain) (MX). Two doses were added: (1) 1.5 mg
chlorophyll a g–1 soil, and (2) 3 mg chlorophyll a g–1 soil (these
quantities are equivalent to 1!105 and 2!105 cyanobacteria g–1

soil, respectively, as well as to 4 and 8 mg chlorophyll a cm–2, re-
spectively). Soil moisture was adjusted to 80% of the field capac-
ity by adding distilled sterile water, and the vessels were covered
with polyethylene film, randomly distributed, and incubated at
22 7C under illumination (22 W m2) with periodic cycles of light
(16 h) and dark (8 h). The water content was periodically con-
trolled by weighing the vessels and, when necessary, the samples
were remoistened. After 2 months of incubation, three replicates
of each treatment were withdrawn to carry out determinations of
the different variables.

Microbial analyses

These analysis were carried out following standard culture meth-
ods for soil microbial populations previously described (Vázquez
et al. 1993; Acea and Carballas 1996b). Ten grams of soil surface
samples (0–1.0 cm) or crust from each microcosm was diluted
1 :10 with sterile distilled water and mixed for 10 min using a mag-
netic stirrer operating at half speed. The suspension was diluted
in tenfold series in 250-ml Pyrex bottles, and five Petri dishes con-
taining solid media or five test-tubes containing liquid media were
inoculated with each dilution. The overall microbial population,
cyanobacteria and algae, were determined by the most probable
number technique, whilst counts of total aerobic heterotrophic
bacteria, acidophilic or sporulating bacteria, actinomycetes and
fungal propagules were made by the spread-plate method on agar
(1.5%). The length of the fungal mycelium was estimated by
staining the samples with 0.1% trypan blue and following the
membrane filter technique. Cyanobacteria were grown in N- and
C-free Bold’s basal medium and microalgae in C-free Bold’s basal
medium; the presence of either cyanobacteria or algae in the po-
sitive tubes was confirmed microscopically. To test whether the
predominant cyanobacteria in the crusts were the inoculated
strains, cyanobacterial taxa were isolated and cultured on solid
media for identification by direct microscopy (Rippka et al. 1979).
The total heterotrophic population, saprophytic, acidophilic and
aerobic spore-forming bacteria (Bacillus spp.) were enumerated
in yeast-extract medium. Actinomycetes were counted in dex-
trose-nitrate medium, microscopic techniques being used in case
of doubtful colony differentiation, and fungal propagules were
counted on Czapeck-Dox medium. All microbes were cultured at
pH 7.0 except fungi and acidophilic bacteria which were grown at
pH 4.5. The inoculated tubes and plates were incubated at 28 7C
for 4–9 weeks and for 7–10 days, respectively.
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Table 1 Soil properties (meanBSD)

Parent material

Sandstone Granite Schist Lime

Unheated
Microbial counts (g–1 soil)
Total heterotrophs (106) 0.5B0.9 1.4B0.6 3.4B0.5 9.3B0.8
Saprophytic bacteria (105) 2.4B0.3 5.5B2.1 10.2B1.2 24.2B3.1
Acidophilic bacteria (104) 1.0B6.5 6.5B1.1 4.2B0.2 2.1B0.1
Bacillus spp. (103) 1.1B0.1 2.2B1.1 2.2B0.2 2.5B0.2
Actinomycetes (103) 1.0B0.1 1.1B0.3 1.5B0.2 1.8B0.4
Cyanobacteria (102) 1.5B0.2 15.2B1.8 34.2B3.9 65.2B5.2
Algae (103) 1.5B0.2 3.4B0.3 5.3B0.4 9.4B0.6
Fungal propagules (102) 1.8B0.4 2.8B0.2 1.9B0.4 1.2B0.2
Fungal hyphae (m) 19.1B2.0 33.1B2.6 18.1B1.0 12.1B2.3

Heated
pH (H2O) 6.0B0.1 4.7B0.2 5.8B0.1 6.8B0.2
Field capacity (%) 12.5B1.3 48.2B1.6 63.2B2.1 35.9B2.3
Organic C (g kg–1 soil) 8.1B1.0 40.2B1.2 16.2B0.1 8.9B0.1
Total N (g kg–1 soil) 0.8B0.1 3.9B0.2 2.0B0.0 1.7B0.0
C:N 13 10 8 5
Coarse sand (%) 68.4B3.5 6.2B0.5 3.0B0.1 6.8B0.5
Fine sand (%) 24.5B1.6 58.2B2.3 10.3B0.2 12.1B3.1
Silt (%) 5.7B0.9 12.2B0.3 75.5B3.3 55.0B1.3
Clay (%) 1.4B0.2 23.2B1.8 11.2B0.7 26.1B0.7

Available nutrients
P (mg kg–1 soil) 8.9B1.3 26.6B1.8 45.6B1.9 76.0B3.7
Ca (mg kg–1 soil) 158.8B9.5 288.5B9.2 500.3B9.5 1007.0B9.0
Mg (mg kg–1 soil) 42.6B4.8 28.7B2.1 98.2B1.2 148.3B2.1
K (mg kg–1 soil) 34.3B2.9 34.5B2.3 92.2B3.0 87.3B2.2
Na (mg kg–1 soil) 35.2B3.2 48.3B2.6 72.5B4.6 61.5B2.7

Growth techniques such as those described above are able to
determine viable microorganisms, reflect biochemical potential of
microbiota and are good indicators of gross changes in microbial
populations. Most available studies on soil microorganisms, in-
cluding the references used in the present work, are based on
such techniques. However, it must be pointed out that frequently
only a small fraction (approximately 1–10%) of the microbial
population is estimated by such methods (Torsvik 1990; Zuberer
1994).

Physical and chemical analysis

Organic C was determined by combustion at 900 7C in a Carmo-
graph 12 apparatus with a secondary oven at 400 7C, and total N
was determined by Kjeldahl digestion and steam distillation in a
Büchi 430 (Tan 1996). The pH was measured in water using a 1 :2
soil :water ratio. Field capacity was estimated as the amount of
water retained in saturated soil samples at pF 2 (0.1 bar suction).
Texture of the soils (International Mechanical Analysis) was de-
termined on air-dried samples separating coarse sand with a 0.2-
mm sieve and fine sand and clay by sedimentation. Available Ca,
Mg, Na and K were estimated in 0.5 N acetic acid and P in 0.5 M
NaHCO3 extracts. Ca and Mg were measured by atomic absorp-
tion spectroscopy and K and Na by atomic emission spectroscopy.
P was measured by absorption spectrometry at 882 nm.

Statistical analysis

All results are from triplicate determinations and are expressed
on the basis of oven dry (105 7C) weight of soil. Before statistical
analysis, microbial counts (ni) were transformed by Xiplog-
(nic1) and the SPSS 6.01 statistical package was used to process
the data. Tukey’s honestly significant difference (HSD) test was

used to separate the means and the Pearson correlation coeffi-
cient (r) was obtained to evaluate the relationships between the
variables. The percentage of data variation attributable to the fac-
tors “inoculum” and “soil” was quantified using two-way or one-
way ANOVA, the latter in the case of insignificant interaction
between the factors.

Results

Uninoculated soils

After addition of 5% of fresh soils and 2 months of in-
cubation, the surface (0–1 cm) layer of the heated soils
which were not fertilized with cyanobacteria had an av-
erage of 300 cyanobacteria, 400 algae, 7.6!106 hetero-
trophic microbes and 0.9 m fungal hyphae g–1 soil
(Fig. 1); on these soils no appreciable soil crust was
formed. With the exception of acidophilic bacteria and
fungi, the soil LIM showed the highest microbial popu-
lation densities followed by SCH, GRA and SAN.

Inoculated soils

Cyanobacteria were inoculated at two doses (1.5 and
3.0 mg chlorophyll a g–1 soil) to assess the possible im-
portance of inoculum rate on crust formation and on its
cultivable microbial populations. The highest rate
seemed to promote a faster initial establishment of cya-
nobacteria, but in the medium term there were no sig-
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Fig. 1 Microbial populations
in the heated soils uninocu-
lated or inoculated with cya-
nobacteria. UN Uninoculated,
OS Oscillatoria sp., N1 Nostoc
sp., N2 Nostoc sp., SC Scyton-
ema sp., MXp
OScN1cN2cSC

Fig. 2 Percentage of variance of the soil microbiota explained by
the type of soil and the class of inoculum. CB Cyanobacteria, AL
algae, HP viable heterotrophic population, SB saprophytic aero-
bic bacteria, AB acidophilic bacteria, SP aerobic sporulated bac-
teria (Bacillus spp.), AC actinomycetes, FP fungal propagules, FH
fungal hyphae; *P^0.02, **P^0.005, ***P^0.001

nificant differences between the two inoculum rates; for
this reason, only the results obtained with the lower
rate are presented.

Cyanobacteria increased by an average of 5 logarith-
mic orders and the biofertilized samples had a well-de-
veloped microbiotic crust (0.8–1.0 cm thick) with an av-
erage of 2.5!1010 cyanobacteria g–1 soil crust, which
represented a mean increase of 8 logarithmic units
compared with the surface of the uninoculated soils
(Fig. 1). The type of inoculum accounted for a signifi-
cant amount of the variance in cyanobacterial counts
(Fig. 2) and, among the strains used, Scytonema sp.
showed the highest settlement and growth on all the

soils, followed by N1, N2 and OS (Fig. 1). However, the
best results were obtained with MX, the average num-
ber of cyanobacteria here being up to 8 times higher
than with the single-strain inocula. The type of soil also
explained a considerable amount of the variance in cya-
nobacterial counts (Fig. 2) and, irrespectively of the
inoculum used, LIM sustained a better cyanobacterial
growth (up to 12 times greater average count) than the
other soil types, followed by SCH, GRA and SAN
(Fig. 1).

A large quantity of algae were present in the crust
(average 2.8!106 algae g–1 soil crust; Fig. 1), and their
counts were correlated to those of cyanobacteria
(rp0.85, P^0.0001). The type of inoculum explained a
high percentage of variance (Fig. 2) and, as in the case
of cyanobacteria, MX was more effective (up to 17
times greater) than each strain inoculated separately;
the average value of algae in relation to the class of in-
oculum followed the order MX1SC1N26N11OS
(Fig. 1). Algal density was also affected by the soil type,
and the rank order was LIM1SCHpGRA6SAN
(Fig. 1). Cyanobacterial inoculation stimulated the
proliferation of these autotrophs, the microbiotic crusts
contained an average number of algae 14 orders of
magnitude higher than that of the control soils.

The microbiotic crusts also contained high hetero-
trophic populations (average 1.7!1011 microbes g–1

soil crust; Fig. 1) whose counts were clearly correlated
to those of cyanobacteria (rp0.95, P^0.0001) and al-
gae (rp0.90, P^0.0001). Microbial density was af-
fected by the inoculum used and by the soil type
(Fig. 2). MX was up to 11 times more effective in
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Fig. 3 Actinomycetes and fun-
gi in the heated soils uninocu-
lated or inoculated with cya-
nobacteria. For abbreviations,
see Fig. 1

promoting microbial growth than each inoculum
applied separately, the rank order being
MX1SC1N26N11OS (Fig. 1). In relation to the type
of soil, the rank order was LIM1SCH1GRA1SAN
(Fig. 1). In the inoculated samples microbial numbers
were 14 orders of magnitude higher than those of the
corresponding untreated samples. The positive effect of
the cyanobacterial inoculum on the whole microbial
population followed the order SAN1LIM1SCH
pGRA, the effect on SAN being almost threefold that
on the other soils.

Aerobic saprophytic bacteria reached an average of
6.1!1010 bacteria g–1 soil crust and, among them,
1.2!108 bacteria g–1 soil crust were acidophilic and
1.3!106 bacteria g–1 soil crust were Bacillus spp.
(Fig. 1). Bacterial counts were correlated to those of
cyanobacteria (rp0.90, P^0.0001), algae (rp0.87,
P^0.0001) and total population (rp0.93, P^0.0001).
The bacteria able to form spores were not correlated to
any studied group while the acidophiles were negative-
ly correlated to both cyanobacteria (rp–0.60,
P~0.007) and the whole heterotrophic population
(rp–0.50, P~0.03). Actinomycetes reached an average
of 1.5!108 actinomycetes g–1 soil crust (Fig. 3) and
were positively correlated to counts of cyanobacteria
(rp0.85, P^0.0001), algae (rp0.90, P^0.0001), total
heterotrophs (rp0.94, P^0.0001) and total bacteria
(rp0.95, P^0.0001). The class of inoculum was highly
significant in explaining the variation in bacterial and
actinomycetes counts but did not affect those of acido-
philic or sporulated bacteria (Fig. 2). MX was more ef-
fective with respect to the whole bacterial population
(up to 17 times greater) and actinomycetes population
(7 times greater) than each inoculum applied separately
(Fig. 1, 3), the average number of microbes in relation
to the inoculum following the order MX1SC1N26
N11OS (Fig. 1). Except for the bacteria which belong
to the genera Bacillus, the type of soils affected signifi-
cantly all the heterotrophic bacterial groups studied
(Fig. 2). The order of abundance of total bacteria and
actinomycetes was LIM1SCH1GRA6SAN (Figs. 1,

3), the average counts of LIM were 4 times and twice,
respectively, those of the other soils, whilst numbers of
acidophilic bacteria in GRA and SAN were twice those
in SCH and LIM. Inoculation provoked an average in-
crease of 4.3, 3.3, 2.6 and 4.6 logarithmic orders in total
bacteria, acidophilic and sporulated bacteria and acti-
nomycetes, respectively.

Fungi reached an average of 77.8 m mycelium and
1.4!106 propagules g–1 soil crust after incubation
(Fig. 3). Fungal mycelia and propagules were positively
correlated (rp0.80, P^0.0001), the latter being also
correlated with acidophilic bacteria (rp0.51, P^0.03).
The factors “soil” and “inoculum” affected the length
of hyphae in the crusts, whereas the number of propa-
gules was only affected by the soil type (Fig. 2). The
length of mycelium in soils inoculated with MX was
twice that with the other simpler inocula, the effective-
ness being the same as in the case of the bacterial het-
erotrophic groups (MX1SC1N26N11 1OS) (Fig. 3).
The order of hyphae length and propagule numbers of
the soils were GRA6SCH1SAN6LIM, the average
values of the first two being twice those of the others
(Fig. 3). Biofertilization favoured fungal proliferation;
the mycelium and the propagules present in the micro-
biotic crusts were, respectively, 77 times and 4.4 orders
of magnitude higher than those of the uninoculated
soil.

The magnitude of the increase in cultivable proka-
ryotes and algae with respect to the corresponding un-
inoculated samples (SAN1GRA1SCH1LIM) was,
generally, higher in the soils with a smaller original
population (Figs. 1, 3), while the positive effect on fungi
followed the order GRA6SCH1SAN6LIM for my-
celia and SAN1SCHpGRA1LIM for propagules
(Fig. 3).

Discussion

Heating sterilized the soils, as occurs in the first centi-
metres of most soils affected by fires. Microbial death
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was probably the cause of the sharp reduction in micro-
bial number, diversity or activity reported by other au-
thors after soil heating or forest fires (Ahlgren 1974;
Fritze et al. 1993, 1998; Pietikäinen and Fritze 1993;
Díaz-Raviña et al. 1996; Prieto-Fernández et al. 1998).
Microorganisms added with the fresh soil were capable
of growing, and within 2 months, plate-count sapro-
phytic bacteria predominated with respect to the other
microbial groups, followed by fungal propagules and
actinomycetes; whereas fungal mycelia and the most
probable numbers of photoautotrophs, cyanobacteria
and algae, were relatively low. Some authors (Ahlgren
1974; Vilariño and Arines 1991; Fritze et al. 1994, 1998;
Bååth et al. 1995; Pietikäinen et al. 2000) have reported
a strong alteration of the microbial community struc-
ture due to the modification of the soil chemical and
physical status by fire. In the uninoculated soils the mi-
crobial community did not form an appreciable soil
crust. Disruption or even total absence of a cyanobac-
terial crust is common in many fire-disturbed ecosys-
tems (Greene et al. 1990; Johansen et al. 1993; Eldridge
and Bradstock 1994) in which the lack of such cover
favours soil erosion (St Clair et al. 1986; Zimmerman
1993; Eldridge and Greene 1994) and alterations in the
C and nutrient cycles (Venkataraman 1972; Fogg et al.
1973; Zimmerman 1993; Eldridge and Greene 1994).

The inoculated cyanobacteria were able to actively
and extensively proliferate in the soils, which were col-
onized very quickly and thus, after 2 months, had a
higher density than in the unamended soils. At the end
of the process, the surface of the soils was covered by a
well-developed microbiotic crust (0.8–1.0 cm thick).
The ability of cyanobacteria to colonize heated soils has
also been reported by Vázquez et al. (1993), who found
that indigenous cyanobacteria increased by 3 logarith-
mic orders 1 year after a wildfire and became the dom-
inant component of the photosynthetic communities in
the soil. Other researchers have reported a significantly
greater number of cyanobacteria in fire-disturbed soils
inoculated with a soil-crust slurry, and showed that to-
tal cyanobacterial cover increased with time after fire
(St Clair et al. 1986; Greene et al. 1990; Johansen et al.
1993; Eldridge and Bradstock 1994).

The crusts were composed of a mesh of cyanobacter-
ial filaments forming closely inter-twined rope-like
bundles in and among the ashes. Besides cyanobacteria,
fungal hyphae and algae which may also play an impor-
tant role in soil stabilization and aggregation, as well as
heterotrophic bacteria (a small proportion of which
were acidophiles or sporulated) and actinomycetes,
were present in the crust. Microbial densities found in
the crust were higher than those reported for most soils
(Alexander 1967; Skujinš 1984; Acea and Carballas
1990; Vázquez et al. 1993) or for several types of crust
of untreated soils (Skujinš 1984; Wheeler et al. 1993),
but similar or lower than those found by Rogers and
Burns (1994) in an agricultural soil biofertilized with
Nostoc spp.. Microorganisms in the crust enhance the
stability of the soil surface and protect it from wind and

water erosion by the physical binding of the fil-
amentous components of the crust as well as by the se-
cretion of amorphous gel-like organic materials (Zim-
merman 1993; Eldridge and Greene 1994; Rogers and
Burns 1994; Falchini et al. 1996). A microbial crust has
also shown to ameliorate the water kinetics of the soil
and to aid in plant seedling establishment (Zimmerman
1993; Eldridge and Greene 1994; Rogers and Burns
1994). In addition, the metabolic activity of microbes
(i.e. C and N2 fixation and organic matter mineraliza-
tion) present in the crusts can also have an important
beneficial effect in the burned soils that, usually, have a
strong alteration of the nutrient cycles (Ahlgren 1974;
Prieto-Fernández et al. 1993, 1998; Fritze et al. 1998;
Pietikäinen et al. 2000).

The increase in cultivable microbial populations due
to biofertilization was higher than those reported for
unheated or heated soils amended with wheat straw,
cattle slurry, poultry manure or composted urban re-
fuse (Díaz-Raviña et al. 1989; Acea and Carballas
1996b, 1999). In addition, counts of most microbial
groups were positively correlated to cyanobacterial
numbers. These results indicate that inoculation with
alien cyanobacteria did not negatively affect the growth
of the heterotrophic or the autotrophic microbes in the
heated soils. In particular, biofertilization seemed to
nullify the negative effect of burning or heating on fun-
gi and algae found by some authors (Vázquez et al.
1993; Bååth et al. 1995; Acea and Carballas 1999). In
non-burned soils, a stimulatory effect of inoculated
cyanobacteria on microorganisms, specially on hetero-
trophic bacteria, has been observed; this effect was at-
tributed to the carbonaceous and nitrogenous metabol-
ites excreted by the cyanobacteria (Rao and Burns
1990; Rogers and Burns 1994). Except for the major in-
crease in cyanobacterial populations, biofertilization
did not change the order of the relative abundance of
the various microbial groups studied, which were simi-
lar to those found in these and other untreated soils
(Acea and Carballas 1990, 1996a, 1996b, 1999; Vázquez
et al. 1993). Thus, most heterotrophic microorganisms
present in the crust were aerobic bacteria, a small pro-
portion of which were acidophilic or acidotolerant and
a lesser number spore forming, followed by actinomy-
cetes and fungal propagules. The fact that bacterial
numbers were correlated to those of the whole hetero-
trophic population and that the biofertilization effect
on total microbial density could be somehow extended
to saprophytic bacteria was in agreement with the pre-
dominance of bacteria in the microbial community.

The efficacy of treatment depended on the type of
inoculum. The best inoculum was MX and, among the
strains used, SC showed the highest settlement and
growth capacity on all the soils. Indeed, in some areas,
Scytonema sp. is specially common after soil burning
and forms a cyanobacterial crust (Lynch 1983), al-
though other researchers also found a high prolifera-
tion of Nostoc sp. in burned soils (St Clair et al.
1986).
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The amount of inoculum affected the initial stages of
colonization, which was faster with the higher inoculum
rate; nevertheless, in the medium term the proliferation
of cyanobacteria cancelled out the differences between
the two inocula rates. Similar results were obtained by
Rogers and Burns (1994) for non-heated soils.

The type of soil also affected microbial numbers
and, regardless of the inoculum used, LIM showed the
most developed crust followed by SCH, GRA and
SAN. Apart from the probable relationships between
soil pH and cyanobacterial proliferation, this result may
also be due to the higher content of available P, Ca,
Mg, K and other nutrients of LIM and SCH. All these
parameters have been demonstrated to strongly affect
the development of cyanobacteria (Fogg et al. 1973;
Rippka et al. 1979; Reynaud 1987). Cyanobacteria in-
creased as particle size and the C :N ratio decreased,
while there was no apparent relationship between cya-
nobacteria and either organic C or N content. These re-
sults indicated that in these heated soils, apart from a
possible effect of the alteration of the organic matter by
heating (Bååth et al. 1995; Fritze et al. 1998; Prieto-
Fernández et al. 1998; Pietikäinen et al. 2000), that tex-
ture and nutrient content are factors that considerably
affected the microbial populations, as is also the case in
non-heated soils. The increase in microbes as compared
to the uninoculated samples was higher where the origi-
nal soil populations were lower, probably because the
beneficial effect of the inoculum and the development
of a microbial crust was more important in soils with
higher nutrient limitation and smaller microbial popu-
lations.

In conclusion, these results showed that inoculation
of burned soils with particle-binding diazotrophic cya-
nobacteria may be an ecotechnological means of both
improving crust formation and restoring microbial pop-
ulations. These autotrophs can survive and rapidly
grow in heated soils, favouring the proliferation of oth-
er microorganisms, even of those that usually are the
most disfavoured by heating. Cyanobacteria, because of
their morphology (filamentous structure) and/or physi-
ology (secretion of polysaccharide and other cementing
substances, autotrophy and N2-fixing capacity), gener-
ate a suitable environment in which other microbial
populations can proliferate and form a microbial crust,
whose role in preventing soil erosion, improving water
kinetics and plant seedling is well known. Such crusts
were not present in the uninoculated soils. A relatively
low rate of inoculation is sufficient for the development
of soil crusts, but the effectiveness of biofertilization
depends on both the type of soil and the class of inocu-
lum.

Acknowledgements The authors are most deeply indebted to
Rosa Nodar for her collaboration in the isolation and identifica-
tion of the bacterial strains. We are grateful to Cristina Cuiña and
José Salmonte for their kind technical assistance. Funding for this
research was provided by the Consellería de Educación de la
Xunta de Galicia in Santiago de Compostela and by the Comisión
Interministerial de Ciencia y Tecnología (CICYT) in Madrid.

References

Acea MJ, Carballas T (1990) Principal components analysis of the
soil microbial population of humid zone of Galicia (Spain).
Soil Biol Biochem 22 :749–759

Acea MJ, Carballas T (1996a) Changes in physiological groups of
microorganisms in soil following wildfire. FEMS Microbiol
Ecol 20 :33–39

Acea MJ, Carballas T (1996b) Microbial response to organic
amendments in a forest soil. Biores Technol 57 :193–199

Acea MJ, Carballas T (1999) Microbial fluctuations after soil
heating and organic amendment. Biores Technol 66 :65–71

Ahlgren IF (1974) The effect of fire on soil organisms. In: Koz-
lowski TT, Ahlgren CE (eds) Fire and ecosystems. Academic
Press, New York, pp 47–72

Alexander M (1967) Introduction to soil microbiology. Wiley,
New York

Bååth E, Frostegård Å, Pennanen T, Fritze H (1995) Microbial
community structure and pH response in relation to soil or-
ganic matter quality in wood-ash fertilized, clear-cut or
burned coniferous forest soils. Soil Biol Biochem 27 :229–240

Díaz-Raviña M, Acea MJ, Carballas T (1989) Microbial charac-
terization of four composted urban refuses. Biol Wastes
30 :89–100

Díaz-Raviña M, Prieto A, Acea MJ, Carballas T (1992) Fumiga-
tion-extraction method to estimate microbial biomass in
heated soils. Soil Biol Biochem 24 :259–264

Díaz-Raviña M, Prieto A, Bååth T (1996) Bacterial activity in a
forest soil after soil heating and organic amendments meas-
ured by the thymidine and leucine incorporation techniques.
Soil Biol Biochem 28 :419–426

Eldridge DJ, Bradstock RA (1994) The effect of time since fire
on the cover and composition of cryptogamic soil crusts on a
eucalypt shrubland soil. Cunninghamia 3 :521–527

Eldridge DJ, Greene RSB (1994) Microbiotic soil crusts: a review
on their roles in soil and ecological processes in the range-
lands of Australia. Aust J Soil Res 32 :389–415

Falchini L, Sparvoli E, Tomaselli L (1996) Effect of Nostoc (Cya-
nobacteria) inoculation on the structure and stability of clay
soils. Biol Fertil Soils 23 :346–352

Fogg GE, Stewart WDP, Fay P, Walsby AE (1973) The blue-
green algae. Academic Press, London

Fritze H, Pennanen T, Pietikäinen J (1993) Recovery of soil mi-
crobial biomass and activity from prescribed burning. Can J
For Res 23 :1286–1290

Fritze H, Smolander A, Levula T, Kitunen V, Mälkönen E (1994)
Wood-ash fertilization and fire treatments in a Scots pine for-
est stand: effects on the organic layer, microbial biomass and
microbial activity. Biol Fertil Soils 17 :57–63

Fritze H, Pennanen T, Kituken V (1998) Characterization of dis-
solved organic carbon from burned humus and its effects on
microbial activity and community structure. Soil Biol Biochem
30:687–693

Greene RSB, Chartres CJ, Hodgkinson KC (1990) The effects of
fire on the soil in a degraded semi-arid woodland. I. Crypto-
gam cover and physical and micromorphological properties.
Aust J Soil Res 28 :775–777

Johansen JR, Ashley J, Rayburn WR (1993) Effects of rangefire
on soil algal crust in semiarid shrub-steppe of the Lower Co-
lumbia Basin and their subsequent recovery. Great Basin Nat
53 :73–88

Lynch JM (1983) Soil biotechnology. Microbial factors in crop
productivity. Blackwell, Oxford

Metting FB (1994) Algae and Cyanobacteria. In: Bigham JM (ed)
Methods of soil analysis, part 2. Microbiological and biochem-
ical properties. SSSA, Madison, Wis., pp 427–458

Pietikäinen J, Fritze H (1993) Microbial biomass and activity in
the humus layer following burning: short-term effect of two
different fires. Can J For Res 23 :1275–1285



125

Pietikäinen J, Hiykka R, Fritze H (2000) Does short-term heating
of forest humus change its properties as a substrate for mi-
crobes? Soil Biol Biochem 32 :277–288

Prieto-Fernández A, Villar MC, Carballas M, Carballas T (1993)
Short-term effects of a wildfire on the nitrogen status and its
mineralization kinetics in an Atlantic forest soil. Soil Biol Bio-
chem 25 : 1657–1664

Prieto-Fernández A, Acea MJ, Carballas T (1998) Soil microbial
and extractable C and N after wildfire. Biol Fertil Soils
27 :132–142

Rao DLN, Burns RG (1990) The effect of surface growth of blue-
green algae and bryophytes on some microbiological, bio-
chemical, and physical soil properties. Biol Fertil Soils
9 :239–244

Reynaud PA (1987) Ecology of nitrogen-fixing cyanobacteria in
dry tropical habitats of West Africa: a multivariate analysis.
Plant Soil 98 : 203–220

Rippka R, Deruelles J, Waterbury JB, Herdman M, Stainer RY
(1979) Generic assignments, strain histories and properties of
pure cultures of cyanobacteria. J Gen Microbiol 111 :1–61

Rogers SL, Burns RG (1994) Changes in aggregate stability, nu-
trient status, indigenous microbial populations, and seedling
emergence, following inoculation of soil with Nostoc musco-
rum. Biol Fertil Soils 18 :209–215

Skujinš J (1984) Microbial ecology of desert soils. Adv Microb
Ecol 7 :49–91

St Clair LL, Rohansen JR, Webb B (1986) Rapid stabilization of
fire-disturbed sites using a soil crust slurry: inoculation stud-
ies. Reclam Reveg Res 4 :261–269

Tan KH (1996) Soil sampling, preparation, and analysis. Dekker,
New York

Tate RL, Klein DA (1985) Soil reclamation processes. Microbio-
logical analyses and applications. Dekker, New York

Torsvik V, Goksøyr, Daae FL (1990) High diversity in DNA of
soil bacteria. Appl Environ Microbiol 56 :782–787

Vázquez FJ, Acea MJ, Carballas T (1993) Soil microbial popula-
tions after wildfire. FEMS Microbiol Ecol 13 :93–104

Venkataraman GS (1972) Algal biofertilizers and rice cultivation.
Today and Tomorrow’s, New Delhi

Vilariño A, Arines J (1991) Numbers and viability of vesicular-
arbuscular fungal propagules in field soil samples after wild-
fire. Soil Biol Biochem 11 :1083–1087

Wheeler CC, Flechtner VR, Johansen JR (1993) Microbial spatial
heterogenety in microbiotic crusts in Colorado National Mo-
nument. II. Bacteria. Great Basin Nat 53 :31–39

Zimmerman WJ (1993) Microalgal biotechnology and applica-
tions in agriculture. In: Metting FB Jr (ed) Soil microbial eco-
logy. Applications in agricultural and environmental manage-
ment. Dekker, New York, pp 457–479

Zuberer DA (1994) Recovery and enumeration of viable bacte-
ria. In: Bigham JM (ed) Methods of soil analysis, part 2. Mi-
crobiological and biochemical properties. SSSA, Madison,
Wis., pp 120–144


