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Abstract
& Aims This study aims to evaluate the effects of wood ash
application on nutrient dynamics and soil properties of an
acidic forest soil (Arenosol).
&Methods Treatments were loose and pelleted ash application
(11 Mg ha−1), alone or together with N fertiliser, and control
treatment in a lysimeter experiment. Nutrient leaching was
followed during a 2-year period and soil chemical and biolog-
ical properties were evaluated at the end of the experiment.
& Results Wood ash increased leaching of total N, NH4

+-N,
base cations and P, mainly during the first months, the effect
being more pronounced for the loose formulation. At the
end of the study period, a positive effect on soil nutrient
availability and soil acidity reduction was seen. The appli-
cation of loose and pelleted ash alone decreased N leaching
and increased N microbial biomass at the end of the exper-
iment. The C dynamics was weakly affected.
& Conclusion Wood ash can be used to improve nutrient
availability and balance nutrient exported by tree harvesting

in acid forest soils, the effects at short-term being stronger
for loose than for pelleted ash. However, their application
should be carried out when vegetation is established to
minimise nutrient losses at short-term and reduce the poten-
tial risk for water bodies. In N-limited soils, wood ash
should be applied with N fertilisers to counteract N
immobilisation.

Keywords Forest soils . Carbon . Basal respiration .

Nmineralisation . Lysimeter

1 Introduction

The amount of forest biomass available in Portugal for energy
production is estimated to be 2.2×106 Mg year−1, including
residues from wood industry and paper pulp plants (MADRP
2005). Large amounts of wood ash are expected to be gener-
ated in the near future as a result of 15 new biomass power
stations, and alternatives to its deposition in landfills are
necessary. Wood ash application in acidic soils, mainly in
forest systems, has received growing interest given their alka-
line properties and capacity to balance nutrient removal by
tree harvesting (Eriksson 1998). Ash application may, there-
fore, improve the nutrient status of most Portuguese forest
soils which are acidic and poor in base cations.

Wood ash is characterised by high alkalinity and high Ca,
Mg, K and, to a lesser extent, P contents; in contrast, it is
generally poor in N (Khanna et al. 1994). Wood ash applica-
tion to forest soils can lead to an increment in soil pH and base
cations saturation (Bramryd and Fransman 1995; Eriksson
1998; Khanna et al. 1994; Ludwig et al. 2002). However,
application of unstabilised highly soluble ash can cause a
dramatic increase in soil pH and salt concentration (Clapham
and Zibilske 1992), which may disturb ground vegetation
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(Ferm et al. 1992). Moreover, its application in some soils
may increase the solubility of organic C and the CO2 release
(Fritze et al. 1994; Weber et al. 1985; Zimmermann and Frey
2002) and may stimulate nitrification and N leaching (Weber
et al. 1985). Therefore, to avoid undesirable effects on vege-
tation and nutrient leaching, stabilisation of wood ash before
its application has been encouraged (Steenari et al.
1998). However, the effects of ash application to forest
soils may also depend on the respective formulation:
loose, crushed hardened, granulated or pelleted ash (Ring
et al. 2006; Arvidsson and Lundkvist 2003).

The effects of wood ash on forest ecosystems have main-
ly been studied in soils of Northern Europe and Northern
America (e.g. Ludwig et al. 2002; Park et al. 2005) where
environmental conditions favour organic matter accumula-
tion. However, the consequences of ash application in
Southern Europe regions, with higher temperature condi-
tions and soils with lower organic C content, have been
scarcely studied (Cabral et al. 2008; Perucci et al. 2008;
Solla-Gullón et al. 2006) and the effects on C and N dy-
namics have not been evaluated. Also, the effects of unsta-
bilised and stabilised ashes under Mediterranean conditions
have not been compared yet.

Therefore, a study was developed hypothesising that
wood ash application in N-limited soils under Mediterra-
nean conditions might lead to changes on soil N and C
dynamics. In addition, we hypothesised that the short-term
effects on soil properties will be stronger for unstabilised
than for stabilised ashes. Thus, our aims were (1) to evaluate
the effect of wood ash application on a Mediterranean forest
soil before its use on a larger scale and (2) to compare the
effects of unstabilised (loose) and stabilised (pelleted) ashes.
To evaluate the capability of wood ash to modify the nutri-
ent status of an acidic soil without plant interference and soil
spatial variability, a lysimeter experiment was carried out:
loose or pelleted wood ash, alone or together with N, was
applied to an acidic forest soil and nutrient leaching and soil
characteristics were examined over a 2-year period.

2 Material and methods

2.1 Lysimeter station and materials

The study was carried out in a lysimeter station located at
the Instituto Superior de Agronomia, Lisbon. The area has a
Mediterranean climate, tempered by an oceanic influence.
The 30-year mean (1971–2000) rainfall monitored in the
adjacent meteorological station of Lisboa/Ajuda was
675 mm, with a drought period usually extending from late
May to September; the mean annual temperature was 16.4°C,
ranging from a monthly mean of 11.8°C in January to 21.0°C
in August (INMG 2007). During the study period (November

2005–November 2007), rainfall was 209, 857 and 411 mm,
respectively, in 2005, 2006 and 2007. The rainiest months
were October (182 mm) and November (238 mm) 2006.

The lysimeter station consisted of 20 lysimeters con-
structed in PVC (29.5 cm inner diameter, 50 cm long,
0.068 m2 soil area). Each lysimeter had, at its bottom, a
drainage system 10 cm thick constituted, from the bottom to
the top, by a double plastic mesh (2 mm), a gravel layer
washed with deionised water, a double layer of filtering
material (Terram) and a washed sand layer. At the top of
these layers were placed 35 kg (corresponding to 32.8 kg,
105°C dry weight) of sieved (<5 mm) homogenised mineral
soil of the A horizon (about 30 cm depth), packed at a bulk
density of about 1.4 g cm−3. Over this material was placed
0.5 kg (corresponding to 240.0 g, 45°C dry weight) of forest
floor litter, which corresponded to the amount of that mea-
sured in old Portuguese pine plantations (Madeira et al.
2009). At the lysimeters base, a hole was made and a plastic
tube was connected to a sampling bottle (5 L) where leach-
ates were continuously collected. Sampling bottles were
kept in the dark to avoid biological growth in the sample.

The mineral soil and the forest floor litter (L and F layers)
used in the experiment were collected in a permanent mon-
itoring plot for inventory purposes from a 67-year-old mar-
itime pine (Pinus pinaster) plantation, in the Leiria National
Forest (39°45′ N; 8°56′ W; 75 m a.s.l.), located in central
coastal Portugal, with dry sub-humid climate (30-year mean
rainfall of about 800 mm). This plantation is representative
of wide areas of Portugal, which are characterised by sandy
and acidic soils, with low organic matter content and N
availability. Soils are mainly Dystric Arenosols associated
with Podzols developed on coastal sand dunes. Soil sub-
strate was collected from the Ah horizon of an Arenosol.
The soil was sieved (<2 mm), four subsamples were taken
for chemical analysis and the rest of the soil was stored at
room temperature until being introduced in the lysimeters,
within 4 days after collection. The soil showed a sandy texture
(98% of sand) and a low pH (5.1). Exchangeable bases (Ca,
Mg, Na and K) and effective cation exchange capacity
(NH4OAc extraction) were 1.09 and 1.49 cmolc kg

−1, respec-
tively. Extractable P and K determined by the Egnér–Riehm
method (Egnér et al. 1960) were 4.7 and 20.5 mg kg−1, re-
spectively. Organic C content was 12.4 g kg−1 and C/N ratio
was high (45).

Twenty samples (0.25 m2 each) from the forest floor litter
layer were randomly collected in the area (Arenosols) where
soil substrate was sampled. Four composite samples were
obtained for the analysis of C, N, Ca, Mg, K and P contents
that were 384, 7.71, 8.21, 1.41, 1.05 and 0.42 mg g−1,
respectively.

The two forms of wood ash used in this study, obtained
from combustion of Eucalyptus bark in the CELBI Pulp
Company, showed a high pH and low concentrations of
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heavy metals (Table 1). Loose ash (diameter <0.2 cm) was
collected as fly ash. Fly ash was pelleted (diameter00.5 cm,
length02 cm) by AB Nordströms Konstruktionsbyra
(Sweden).

2.2 Treatments

The experimental design consisted of five treatments repli-
cated four times in a completely randomised design: CT,
absence of wood ash and fertiliser application (control treat-
ment); LA, loose ash application; LAN, as LA, but with N
fertiliser; PA, pelleted ash application; PAN, as PA, but with
N fertiliser. Except in the control treatment, 74.8 g of wood
ash was applied on the surface of the forest floor litter of
each lysimeter (without being incorporated into the soil),
which corresponded to 11 Mg ha−1 (considering 20 cm of
depth). The dose of wood ash applied was assessed consid-
ering the lime requirement to achieve a soil pH of 6.5 and
the mean CaCO3 equivalents (CCE) of the wood ash. The
added amount of wood ash largely exceeded the export of
Ca, Mg and K (670, 110 and 251 kg ha−1, respectively) due
to whole-tree harvesting of maritime pine in the Leiria
National Forest (Madeira et al. 2009). As wood ash
supply low amounts of N and P, in the treatments LAN

and PAN, each lysimeter received 2.27 g (corresponding
to 334 kg ha−1) of N fertiliser (25%—8% as ammonium,
16% as urea and 1% as dicyandiamide) with low P
content (about 2.25%), considering main nutrient limita-
tions of pine plantations in the Leiria National Forest (e.g. N
and P; Madeira et al. 2009). The treatment installation was
concluded in 7 November 2005, and the study ended
24 months later (November 2007).

2.3 Sampling

The volume of lysimeter leachates was recorded and sub-
samples were collected for analysis according to the occur-
rence of rainfall, approximately once a week in the rainy
period and once every 2 weeks or once a month in the
summer, so that a total of 39 samplings were carried out.
Subsamples were filtered (0.45 μm) and stored at −15°C
until chemical analyses. At the end of the experiment (De-
cember 2007), the lysimeters were destructively sampled to
assess soil chemical changes with depth. After removal of
the forest floor litter layer remaining on the soil surface, the
soil was divided into four depths (0–5, 5–10, 10–20 and 20–
30 cm) and samples were dried (45°C) and sieved (<2 mm)
for chemical analyses. For the 0–5 and 5–10 cm layers,
subsamples of the field-moist soil were stored at 4°C until
processing within 3 days after collection to evaluate N
mineralisation, soil basal respiration and microbial biomass.

2.4 Laboratory procedures

Organic residues were dried at 45°C and ground in a labo-
ratory mill to a particle size of 0.5 mm. The mineral ele-
ments (Ca, Mg, K and P) were determined after ashing (6 h
at 450°C) and dissolving in HCl. Total N was determined
using Kjeldhal digestion. The C content was measured by
wet oxidation (De Leenheer and Van Hove 1958). The Ca,
Mg and K were measured by atomic absorption spectrome-
try (AAS; Aanalyst 300, Perkin Elmer) and P by the
molybdate-blue method (Murphy and Riley 1962).

Leachates were filtered (0.45 μm) and pH was measured.
Dissolved organic C (DOC) and total N were determined by
an elemental analyser (Skalar FORMAC Combustion TOC/
N), using a near-infrared spectroscope and a chemilumines-
cence detector, respectively. Concentrations of NO3

−-N and
NH4

+-N were determined with a segmented flow autoana-
lyser, using the α-naphtylamine and sulphanilamide method
after reduction with Cd and the modified Berthelot method,
respectively (Houba et al. 1994). Calcium, Mg and K were
measured by AAS and mineral P by the molybdate-blue
method.

The pH in soil and wood ash was determined in water
(soil or ash/solution ratio, 1:2.5). The C content and total N
were measured as mentioned above. The mineral elements

Table 1 Chemical composition of the wood ash (C, N, Ca, Mg, K, P,
Al, Fe and Mn in grammes per kilogramme; other elements in milli-
grammes per kilogramme) and amounts of nutrients applied (in kilo-
grammes per hectare) to the lysimeters

Wood ash Chemical composition Amounts applied

Loose Pelleted Loose Pelleted

pH 12.9 12.6

CCE (%) 80 83

C 16.5 14.2

N 0.08 0.20

Ca 103.4 117.3 1,129 1,281

Mg 23.94 26.07 261 285

K 32.15 35.41 351 387

P 4.74 2.27 51.8 24.8

Al 4.45 4.41 48.6 48.2

Fe 3.01 2.90 32.9 31.7

Mn 5.40 6.10 59.0 66.6

B 193 250 2.108 2.73

Cd 0.21 0.13 0.002 0.001

Co 3.26 3.75 0.04 0.04

Cr 15.4 17.0 0.17 0.19

Cu 31.0 41.6 0.34 0.45

Ni 21.9 28.1 0.24 0.31

Pb 18.9 16.6 0.21 0.18

Zn 64.7 54.0 0.71 0.59

CCE calcium carbonate equivalent
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in wood ash were taken up in HNO3. The CCE of ash were
determined by boiling 1 g of wood ash with 50 ml of 0.5 M
HCl, excess acidity being analysed by titrating with 0.25 M
NaOH. The soil exchangeable base cations were extracted
by the standard method (1 M NH4OAc, adjusted at pH 7.0;
Chapman 1965). To assess the effective cation exchange
capacity, the extractable acidity (Al and H) was determined
after extraction by 1 M KCl (Thomas 1982). Extractable P
and K were obtained by shaking 1 g of soil with 20 ml of K
(SbO)C4H4O6·½H2O solution at pH 3.7 for 2 h (Egnér et al.
1960). The Ca, Mg, Na, K and Al of the extracts and
solutions were quantified by AAS, P was determined as
above and other elements by ICP-OES.

N mineralisation, soil basal respiration and microbial
biomass in the 0–5 and 5–10 cm soil layers were deter-
mined. To measure N mineralisation, about 200 g of moist
soil from each lysimeter were incubated under aerobic con-
ditions in polythene bags, at 25°C, 60% of water-holding
capacity and darkness, during 60 days. Initial soil moisture
content was adjusted after a 7-day period by adding distilled
water. Fortnightly, NO3

−-N and NH4
+-N were extracted by

shaking 10 g of soil for 1 h with 2 M KCl (soil/solution
ratio, 1:5) and NO3

−-N and NH4
+-N in extracts were deter-

mined as above. Net nitrification and net ammonification
were calculated by the difference between NO3

−-N and
NH4

+-N at each incubation time and their respective initial
levels.

Soil basal respiration was measured by incubating 50 g of
moist soil adjusted to 60% water-holding capacity at 25°C
in a 1.5-L sealed glass jar. The C-CO2 produced after the 7-,
15-, 30-, 45- and 60-day period was collected in 30 ml of
0.5 M NaOH, which was titrated with 0.5 M HCl to phe-
nolphthalein endpoint, after the addition of 1.5 M BaCl2.

Microbial C (Cmic) and N (Nmic) were measured by the
chloroform fumigation–extraction method (Vance et al.
1987) and organic C and total soluble N were determined
by elemental analysis, as previously described. Contents of
Cmic and Nmic were calculated as the difference between
fumigated and non-fumigated samples, using a KEC and KEN

factor of 2.64 and 1.85, respectively (Brookes et al. 1985;
Vance et al. 1987). Metabolic quotient (qCO2) was
calculated as the ratio of hourly basal respiration rate
produced after 7 days to the corresponding initial Cmic

[mg CO2-C (g Cmic)
−1 h−1].

2.5 Statistical analysis

Treatments effects on nutrient leaching and soil chemical
and biological properties were tested by one-way ANOVA
and differences among means were determined at p<0.05
using the Tukey honestly significant difference test. Statis-
tical procedures were performed using Statgraphics plus 5.1
(Manugistics Inc.).

3 Results

3.1 Nutrient leaching

Lysimeter drainage volume had a similar trend to that of
rainfall, with paralleled amounts in both years. Cumulative
volume of leachates during the experimental period was
similar in all treatments (Table 2). Mean pH of leachates
was increased by loose (about 0.25 units) and pelleted
(about 0.10 units) ash application relatively to the control
treatment, but differences were not significant (Table 2). At
the end of the study period, amounts of DOC leached were
not significantly affected by treatments (Table 2). Total N
leached was significantly lower in treatments with loose and
pelleted ash alone (710 and 762 mg/lysimeter in LA and PA
treatments, respectively) than in the control. Application of
wood ash with N fertiliser promoted significant NH4

+-N
losses compared with the control, mainly when applied in
loose form (Fig. 1, Table 2). Leaching of NO3

−-N, negligi-
ble during the first year of the experiment, was much greater
than that of NH4

+-N at the end of the study. Losses of NO3
−-

N were mainly affected by the ash form, with a significant
reduction only observed for loose ash (treatment LA), and
secondarily by N fertiliser application (Fig. 1).

Leaching of K and Ca was faster and more intense for the
loose than the pelleted form. Wood ash application resulted in
a fast increment of Ca and K leached amounts, and differences
among treatments mostly occurred during the first 4 months of
study (Fig. 1). Such differences may be also associated with
the rainfall amount, as the leaching of Ca and K was also high
in the second winter season of the experiment. A similar trend
was observed for Mg and Na leached (data not shown). After
the first year of the study, loose ash application significantly
increased the amounts of Ca,Mg, Na and K leached in relation
to the control; for the ash pelleted formulation, such increase
was also significant but less pronounced (Table 2). The effect
of wood ash decreased with time and, during the second year,
only K leaching showed a significant increment in response to
wood ash application. At the end of the study, amounts of Na
and K leached were significantly higher in treatments with
wood ash than in the control (Table 2). As for base cations, P
leached during the first year was significantly higher in treat-
ments with loose ash than in the control. Such differences
were still noticeable after 2 years (Table 2, Fig. 1). When
pelleted ash was added alone (PA treatment), P leached also
increased during the first year, but differences were not ob-
served for the cumulative amount leached after 2 years.

3.2 Soil properties

At the end of the experiment, values of pH-H2O in the 5-cm
top soil layer were 0.91 and 0.83 units higher in treatments
with loose ash (LA and LAN treatment, respectively) than in
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the control, while pH differences for pelleted ash were not
significant (Fig. 2). Loose ash application also increased
exchangeable Ca and Mg (in 0.87 and 0.12 cmolc kg−1,
respectively) and extractable P (in 2.5 mg kg−1) in the 0–
5 cm soil layer, when compared with the control. Treatments
with loose or pelleted ash (alone or together with N) showed
higher contents of exchangeable K for all soil depths than in
the control soil.

In the top soil layer of treatments with loose ash, a signif-
icant reduction in extractable acidity was observed (0.10–
0.18 cmolc kg−1), while effective cation exchange capacity
significantly increased (0.69–1.43 cmolc kg−1) relatively to
the other treatments (Fig. 2). Total N (data not shown) and
total C (Fig. 2) content in soil showed a similar pattern and
both were not significantly affected by treatments.

After 60 days of aerobic incubation, treatments with
loose ash (LA and LAN) showed a significant reduction
on cumulative net ammonification when compared with
the control (Fig. 3). In contrast, the resulting cumulative
net nitrification was significantly increased by loose ash
application. Such differences were stronger in the 0–5 cm
surface soil layer. No significant effects were observed for
the pelleted formulation.

Soil basal respiration and respective rate were not signif-
icantly affected by treatments (Table 3), while initial meta-
bolic quotient (qCO2) values were lower in treatments with
wood ash than in the control.

In both 0–5 and 5–10 cm soil layers, soil microbial C and
N contents were significantly higher in treatments with
loose and pelleted ash alone (LA and PA treatments) than
in the control (Table 3). Similarly, the highest Cmic/Corg

ratios were generally observed in treatments with wood
ash application, but differences were not significant.

4 Discussion

The methodology used in this study presents some limita-
tions (e.g. disturbance of soil structure and water transfers,
absence of root uptake and exudates). Soil disturbance dur-
ing lysimeter installation might have induced a higher min-
eralisation flux, while the absence of plants probably
increased the volume of percolating water and modified
the nutrient leaching. Although experimental conditions
have a limited value in assessing the complexity of field
situations, they give insight into the effect of wood ash
application on soil properties and C and N dynamics.

The influence of wood ash on nutrient dynamics and soil
properties depended on the form of ash applied. Wood ash
did not exhibit a significant effect on the pH of leachates,
while loose ash application increased pH and reduced ex-
tractable acidity on the top soil layer at the end of the study
period. This finding supports the efficiency of unstabilisedT
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wood ash to correct acidity of forest mineral soils at the
short-term, as reported in several studies (Ludwig et al.
2002; Park et al. 2005). Stabilisation of wood ash by pellet-
ing, granulation or hardening reduces the reactivity of the
ash (Eriksson 1998) and explains the absence of appreciable
changes after pelleted ash application during the studied
period, although a positive effect on soil pH could be
expected in the long-term. Also, in a previous laboratory
incubation (Gómez-Rey et al. 2006), a significant and fast
soil pH increment was initially observed using loose ash at
doses similar to that used in this study, but no significant
effect was detected even 20 weeks after pelleted ash addi-
tion. Although our data do not allow to predict how long this
increase would last, loose ash effect on soil acidity reduction
might persist or be increased for several years (6–16 years)
after its application, as reported by Augusto et al. (2008) in a
recent meta-analysis study.

Leaching of base cations and phosphorus following wood
ash application mostly occurred during the first year of the
study, when loose ash application enhanced Ca, Mg, Na, K
and P amounts in leachates. Given the slower dissolution of
pelleted ash (Ring et al. 2006), its effect on nutrient leaching
during the study period was of less magnitude when com-
pared with the loose formulation, a trend also observed in a
laboratory simulation for long-term leaching of untreated
and stabilised wood ash (Steenari et al. 1998). However,
the effect of pelleted ash on nutrient leaching might be
increased during the following years.

At the end of the study period, the amount of K leached
increased by wood ash application; this increase accounted
for 34% and 68% of the amount of K supplied to lysimeters
by ash (pelleted and loose ash, respectively). In contrast,
enhancement of Ca, Mg and P amounts in leachates was only
1.6%, 3.3% and 2.0%, respectively, of the quantity supplied

Fig. 1 Mean pH of the leachates and cumulative losses (in milli-
grammes per lysimeter) of Ca, K, NH4

+-N, NO3
−-N and P from the

lysimeters over the experimental period (n04). Different letters for data at
the end of the study denote significant differences (p<0.05) among

treatments. Treatments are CT absence of wood ash and fertiliser appli-
cation, LA loose ash application, LAN as LA, but with N fertiliser, PA
pelleted ash application, PAN as PA, but with N fertiliser
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by both ashes. These differences are explained by the miner-
alogical speciation of wood ash in which K occurs in salt
forms easily dissolved (Steenari et al. 1999), while Ca andMg
are mainly in carbonate forms and P is bound in compounds
with low solubility (Steenari and Lindqvist 1997).

Our results show that loose ash recycling as soil amend-
ment may have a great potential to balance base cations and
phosphorus losses due to the harvest of Portuguese eucalypt
and pine plantations (Cortez 1996; Madeira et al. 2009). In
fact, an enhancement of exchangeable Ca, Mg and K and
extractable P was observed, at the end of the study, in the
top soil layer (0–5 cm) due to loose ash application,

accounting for low proportions of Ca, Mg, K and P (11%,
4%, 8% and 3%, respectively) initially applied as mineral
soil, forest floor, wood ash and fertiliser. This was associat-
ed with the displacement of Al3+ and H+ from the exchange-
able complex, which is in conformity with the rise of pH
values, especially in the LA and LAN treatments (Fig. 2).
However, the increment of base cations in the exchangeable
complex was much greater than the reduction of extractable
acidity. Given the similar organic C content in all treatments
(Fig. 2), such difference may be mostly associated with the
enhancement of exchange sites (variable negative charges)
in soil colloids (mostly organic matter) as a result of the pH

Fig. 3 Cumulative soil net
ammonification and net
nitrification during 60 days of
aerobic incubation. Significant
differences (p<0.05) among
means (n04) in the same period
were marked with different
letters. Treatments as in Fig. 1

Fig. 2 Values of pH and contents of total C, exchangeable Ca, Mg and
K, extractable P, extractable acidity and effective cationic exchange
capacity (ECEC), calculated as the sum of extractable acidity (Al and
H) and exchangeable cations (Ca, Mg, Na and K) in the mineral

substrate of lysimeters at the end of the study period, according to
depth (n04). Significant differences (p<0.05) among treatments in the
same depth were marked with different letters. Treatments as in Fig. 1
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increment, as reported by Khanna et al. (1994) for effects of
ash derived from Eucalyptus litter on forest soils. The ab-
sence of significant differences between the pelleted ash
treatments (PA and PAN) and the control for extractable
base cations, extractable acidity and pH may be a result of
the smaller amount of base cations released by the pelleted
ash. Similar limited effect on soil nutrient and base cation
status was reported by Wang et al. (2010) for granulated
wood ash in the short-term (5 years). However, as concluded
by these authors, pelleted ashes will likely have positive
effects with time and can be used for long-term nutrient
compensation, following the findings of Arvidsson and
Lundkvist (2003) for hardened crushed ash and those of
Callesen et al. (2007) for granulated wood ash.

As observed in other studies (Park et al. 2005), soil
enrichment in Ca and Mg was only observed at the upper
soil layer while increments in exchangeable K were detected
in deeper layers, possibly due to its higher mobility. When
pelleted ash was applied, only exchangeable K increments
were detected. In contrast, exchangeable Ca and Mg tended
to decrease in treatments with pelleted ash relatively to the
control. This trend may be ascribed to the lower solubility of
Ca and Mg than K in pelleted ash, which may favour their
displacement from the exchange sites. We also emphasise
that the restriction of Ca and Mg changes mostly to the 0–
5 cm soil layer may be associated with the fact that ashes
were applied directly on the surface of the forest floor litter
(not incorporated), which may reduce effects on the soil
exchangeable complex, as reported by Khanna et al. (1994).

As for base cations and phosphorus, an initial increase of
total N and NH4

+-N leaching was observed during the first

year after wood ash application, mainly when added togeth-
er with N fertiliser. This suggests that wood ash application
to forest plantations growing on sandy soils may affect the
quality of water bodies due to the increase in N and P
leaching. However, root uptake (trees and understory) was
not taken into account in the present study and, therefore,
losses may be lower under field conditions. In addition, the
dose of N applied in the present study was quite high
(83.5 kg ha−1) and, therefore, a reduced risk is expected
for lower doses.

At the end of the study period, total N leaching was
reduced by the application of loose and pelleted ash alone
likely due to the low soil N availability of the studied soil. In
contrast to some sites of the Northern European forests, the
studied site is N limited due to the low N input from the
atmosphere (4.0 kg ha−1 year−1; Cortez 1996), low soil
organic matter and high C/N ratio of the forest floor layer
(50) and of the mineral soil (41), which is above the critical
condition for N release (Harmsen and Van Shreven 1955).
This pattern suggests that N may have been immobilised in
the microbial biomass, which agrees with the higher N
microbial contents observed at the end of the study in treat-
ments with wood ash alone (Table 3). In fact, the mean
increment on microbial N content observed for the LA or
PA treatments (5.0 and 4.1 mg kg−1, respectively), estimated
for the whole lysimeter (175 and 143 mg/lysimeter), is
relatively close to the reduction on total N leached obtained
(258 and 206 mg/lysimeter, respectively). Thus, our results
suggest that ash addition may not enhance tree growth of
stands established in the studied soils, as also reported by
Augusto et al. (2008) for N-limited mineral soils. In fact,

Table 3 Cumulative soil basal respiration (in milligrammes of C-CO2

per kilogramme of soil) during 60 days of incubation, soil basal
respiration rate (SBR, in milligrammes of C-CO2 per gramme of C),
metabolic quotient (qCO2, in milligrammes of C-CO2 per gramme of

Cmic per hour) and contents of microbial C and N (Cmic and Nmic, in
milligrammes per kilogramme) for mineral substrate at 0–5 and 5–
10 cm depth

Treatment Basal respiration SBR qCO2 Cmic Cmic/Corg Nmic

0–5 cm

CT 150.8±21.5 14.2±3.2 5.8±1.2ª 52.6±4.7c 0.18±0.05b 3.7±0.6b

LA 163.8±28.1 18.2±3.7 2.3±0.3bc 93.5±3.6ab 0.25±0.02ab 8.2±2.4a

LAN 171.2±35.0 21.4±3.9 3.2±1.2b 61.6±2.6bc 0.16±0.04b 5.7±0.9bc

PA 122.2±19.9 14.8±2.4 1.1±0.3c 118.2±14.9a 0.35±0.09a 7.6±0.1ac

PAN 138.4±35.1 19.5±4.6 3.4±0.8b 89.7±23.8b 0.24±0.07ab 4.4±1.1b

5–10 cm

CT 114.3±19.6 11.3±3.9 3.4±0.7ª 69.2±17.1bc 0.25±0.05a 5.6±0.9b

LA 91.7±18.0 9.1±2.5 1.3±0.5b 152.7±49.9a 0.33±0.09a 11.1±1.8a

LAN 64.5±9.1 7.9±1.9 3.0±0.8a 36.7±11.6c 0.10±0.04b 9.3±0.3ab

PA 107.4±29.5 13.9±5.2 1.2±0.4b 127.4±41.6a 0.33±0.10a 9.9±2.5a

PAN 77.4±19.0 9.7±3.9 2.6±0.6a 76.3±47.6b 0.23±0.08ab 9.2±2.2ab

Values are presented as the mean±SD (n04). Treatments as in the Table 2. Different letters in the same column and soil layer denote significant
differences (p<0.05) among treatments by the Tukey multiple range test
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soil N immobilisation following wood ash application may
reduce N availability for trees, decreasing tree growth, as
suggested by Bramryd and Fransman (1995) for Scots pine
growing in poor Scandinavian soils (C/N >30) after liming.
Also, Jacobson (2003) reported a stem growth decrease in
response to wood ash application at poor Scandinavian
coniferous stands, while stem growth increased in more
fertile sites. The negligible effect on N leaching observed
in treatments where wood ash was applied with N fertiliser
suggests that, in N-limited soils as those of the present study,
N fertiliser supply is required to promote soil N availability.

In contrast with total N and NO3
−-N, loose ash applica-

tion enhanced P leaching. No data on microbial P (Pmic)
contents were obtained. As the Cmic/Nmic ratio in our study
(8–15) is close to that reported by Achat et al. (2010) for
comparable systems, the Nmic/Pmic ratio reported by those
authors (0.6) may be used for the present study. Then, P
immobilisation might have increased to about 290 mg/ly-
simeter. Despite this possible increase of P in microbial
biomass, leaching of P was not prevented, suggesting that
the soil used in the present study did not avoid P leaching,
agreeing with Achat et al. (2009) who measured negligible P
buffer capacity in similar soils. As organic P in leachates
was not measured, the amount associated with organic mat-
ter is unknown. Therefore, further research should be devel-
oped to assess deeper understanding on the effects of ash
application on P leaching.

At the end of the study, soil incubation under laboratory
conditions showed that loose ash application increased net
nitrification, agreeing with the trend previously reported for
laboratory incubations carried out with soil taken in the
same site and with similar ash dose (Gómez-Rey et al.
2006). These results suggest that high doses of untreated
ash may favour NO3

−-N losses such as reported for other
forest soils (with soil C/N ratio lower than 35) from regions
with cold climate (Ludwig et al. 2002). However, such
treatment differences were not observed under the studied
lysimetric conditions, as NO3

−-N amounts in leachates were
significantly reduced by loose ash and were not significantly
affected by pelleted ash. Discrepancy between both studies
may be partially associated with more intense denitrification
in the lysimeter system. The increased soil pH may also
favour losses of soil N by denitrification as a result of
nitrifying microbial populations and nitrification process
stimulation (Khanna et al. 1994). The application of N
fertiliser combined with wood ash might induce additional
N losses by denitrification, following the trend reported by
Ozolincius et al. (2006) for an Arenosol amended with
wood ash.

Carbon dynamics was weakly affected as DOC in leach-
ates, and soil basal respiration was not significantly different
between treatments. This trend does not support the findings
of other studies carried out in peat and mineral forest soils in

cold climate conditions where wood ash application pro-
moted increases in DOC (Weber et al. 1985) and soil respi-
ration (Fritze et al. 1994; Khanna et al. 1994; Nohrstedt
2001; Zimmermann and Frey 2002). Also, soil respiration
stimulation was observed in ash-amended soils of humid
areas of the Iberian Peninsula (Solla-Gullón et al. 2006).
The lack of significant effects observed in our study may be
related to the low soil organic C content. In fact, by incu-
bating a range of Australian forest soils, Khanna et al.
(1994) reported that effects of wood ash addition on organic
C dynamics decreased in soils with low organic matter
content.

Values of microbial metabolic quotient (qCO2) were
comparable to those reported for Mediterranean soils with
similar C content (Garcia et al. 1994). Microbial C incre-
ment by wood ash application led to a lower qCO2, indicat-
ing that use efficiency of substrate C by microorganisms
may be higher in amended soils, as reported by Insam and
Haselwandter (1989). This pattern does not agree with the
higher (Fritze et al. 1994) or similar (Zimmermann and Frey
2002) levels in qCO2 found in cold regions, as well as with
the lack of changes reported for wetter areas of the Iberian
Peninsula (Solla-Gullón et al. 2006). Our results suggest
that wood ash application could create favourable condi-
tions (e.g. better nutrient availability and soil pH) for soil
microbial community in acidic soils of dry sub-humid Med-
iterranean regions.

At the end of the study, low proportions of Ca, Mg and P
(11.9%, 6.0% and 5.8%, respectively) initially applied with
the loose ash were measured in leachates and mineral soil
layers; these proportions were lower when wood ash was
applied in pelleted form. This result suggests that nutrients
supplied by ash were mostly retained in the organic layer
covering the mineral soil, minimising ash effects on mineral
soil layers. This is supported by the fact that dissolution of
ash components is expected to be slower when ash is ap-
plied to the soil surface than when it is mixed with acidic
soils (Khanna et al. 1994). Therefore, greater doses of wood
ash, mainly in pelleted form, could be applied in forest
systems of sub-humid Mediterranean regions without dra-
matic changes on soil properties, suggesting that the studied
soils may be used for ash disposal. Nevertheless, our results
indicate that such application should be carried out some
years after tree planting or when understory vegetation is
established, mainly in forest plantations growing in sandy
soils with low effective cation exchange capacity. Under
these circumstances, roots demand would minimise nutrient
losses at the short-term, reducing water quality risks and
contributing to enhance soil nutrients availability in the
long-term. Also, the possible negative impacts of wood
ash on seedlings are avoided. However, further studies are
needed to evaluate wood ash effects on C and N dynamics in
organic soil layers as well as the interactions between these
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layers and nutrients released from the ash. Likewise, the
interactions with plants will be also evaluated through ap-
propriate field trials to assess how the improvement of soil
nutrient availability promoted by wood ash application
could affect the nutrient status and growth of the tree stands.

5 Conclusions

Our results showed that, applied at a dose to achieve a soil
pH of 6.5, loose ash improved nutrient availability and
reduced soil acidity, resulting in an alternative to lime and
commercial fertilisers for counteracting nutrient removal by
tree harvesting in acidic forest soils of sub-humid Mediter-
ranean regions. Such improvement of base cations availabil-
ity is mostly associated with the enhancement of the soil
effective cation exchange capacity. However, C dynamics
was not significantly affected by wood ash application. On
the contrary, wood ash should be applied together with N
fertiliser to balance soil N immobilisation in N-limited soils
as those of the present study. At the short-term, pelleted ash
application showed negligible effects, suggesting that it may
be used in higher doses, but its effect on Ca and Mg losses
from the soil mineral layers should be taken into account. In
fact, the increment on nutrient leaching at the short-term
suggests that both forms of wood ash show potential risks
for water contamination. Our results are consistent with the
conclusions of former Nordic experiments, suggesting that
guidelines proposed for Northern Europe could be used for
Mediterranean regions. However, field studies are necessary
to evaluate the long-term effects on soil and plants and to
determine the highest dose that can be applied without
deleterious effects on soil pH and C and N losses.
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