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Abstract: The effect of wood ash (WA) fertilisation on chemical and biological properties of forest
floor layers was studied in a Norway spruce (Picea abies (L.) Karst.) stand in the central part of
Slovakia at an altitude of 1300 m above sea level. In the forest floor, litter (OL), fragmented (OF), and
humic (OH) horizons with average thickness of 1.5, 2, and 4 cm, respectively, could be distinguished.
Three replicates of two wood ash treatments (3 and 6 t¨ ha´1) and a control were established in the
autumn of 2012. Soil samples from OL, OF, OH and A-horizon were taken 0.5, 1, 6 and 12 months
after the WA application. In soil samples chemical (pH, C and N content, C:N ratio, concentration of
exchangeable Ca, Mg and K) and microbial properties (basal respiration, catalase activity, structure
of microbial community based on BIOLOG assay) were determined. Our results showed that the
changes in microbial and chemical properties do not occur simultaneously in particular horizons.
WA application in autumn lead to a significant increase in pH, base cation concentration, and
distinct losses in C and N content in the OL layer in the first month; however, at the beginning of
the vegetation period, the most pronounced effect of WA was observed in OF and especially OH
horizons; no changes were found in the A-horizon. Different properties of particular forest floor
horizons led to a vertical stratification of the microbial community. Each forest floor horizon had
particular properties, leading to a vertical stratification of the microbial community; deeper horizons
had more homogenous functional groups.
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1. Introduction

Forest floor (FF) is a typical component of undisturbed forest soils consisting mainly of dead
organic matter in a different stages of decomposition. It has an important effect on the hydrological
characteristics of a site. It represents an important part of the forest ecosystem from the point of view
of maintaining the element cycle in forest ecosystems and preserving their stability. It provides habitat
and nutrition for many organisms living in the soil as well as a substrate for seedling establishment in
forest ecosystems, as it represents a source of nutrients for plants and water [1–6].

The thickness of FF varies from several millimeters to several centimeters, depending on
environmental conditions that regulate the processes of decomposition and transformation of dead
organic matter coming onto the soil surface. FF properties differ distinctly from the underlying mineral
horizon. However, also within FF, several layers can often be recognized representing a gradient
of decomposition, differing in their morphological and physico-chemical properties (e.g., thermal
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conductivity, water storage, bulk density, soil acidity, nutrient contents, etc.; cf. [1,7,8]). Changing water
and nutrient supplies in FF layers leads to different living conditions for soil organisms and plant
roots [9]: While the top L-horizon of temperate deciduous forests can be a hostile and unpredictable
environment for humus-dwelling animals, conditions in the underlying horizons are more favourable
for the fauna and seedling roots. Gömöryová et al. [10] demonstrated that the responses of soil water
content as well as microbial activity to environmental factors such as air temperature and rainfall
differ in individual FF layers, and different microbial characteristics do not uniformly respond to such
stimuli. Under natural conditions, equilibrium among plant communities, soil microorganisms, and
FF composition is established. However, any catastrophic event (e.g., windthrow, fire) destroying
the FF organic layers or amendment of additives (e.g., fertilizers, pollution) onto the soil surface
could significantly alter water and nutrient regimes of these systems [11]. In the last two decades,
an increasing number of studies on the effect of wood ash (WA) application on soil has appeared [12–18].
WA is used as liming agent in agriculture and forestry and its application on the soil has become
a convenient way to recycle nutrient elements [13,19]. Contradictory effects of WA on soil properties
have been reported in the literature, especially regarding soil microorganisms; both increased and
decreased microbial biomass, respiration, fungal-to-bacterial ratio, etc. were observed [13,20]. Studies of
the impact of WA on forest soil mostly focus on the top mineral horizon and forest floor, without
differentiating the FF subhorizons. In fact, there is a gap of knowledge regarding changes in the
physico-chemical properties of different FF layers after WA application, and consequently on living
conditions for soil microorganisms, decomposition processes, and thus nutrient release and supply for
seedlings, roots, etc. The lack of information can be associated with the difficulties resulting from
a gradual transition between the FF layers, dense herb layer and rooting, etc.

To improve our understanding of the processes in progress in particular horizons after the
treatments, and to also improve our ability to make better management decisions regarding WA
application, the aim of this study was to evaluate the influence of WA application on the changes in
chemical and biological soil properties, in particular FF layers and the underlying mineral A-horizon,
during a one year field experiment. We hypothesize that WA application on the soil surface will evoke
gradual changes throughout the FF profile depending on the FF layer and time elapsed after the WA
amendment. However, differences between layers at the amended and not-amended plots do not need
to be constant in the course of a year because of a positive/negative impact of WA on microbial activity
on the one side and natural changes of decomposition processes throughout the year on the other side.

2. Materials and Methods

2.1. Site Description, Experimental Design, and Soil Sampling

The study was performed in an 80-year old Norway spruce (Picea abies (L.) Karst.) stand, located
in the Pol’ana Mountains, in the central part of Slovakia at an altitude of 1300 m.a.s.l. Mean annual
temperature at the experimental plot is 3.2 ˝C, and the yearly precipitation averages 1044 mm.
The dominant soil type is Andic Cambisol with a loamy texture derived from andesite and pyroclastic
rocks. In the forest floor, litter (OL), fermentation (OF) and humus (OH) horizons with average
thicknesses of 1.5, 2, and 4 cm, respectively, could be recognized.

The experiment consisted of three levels of WA fertilization: 0 t¨ ha´1 (control plot, CP), 3, and
6 t¨ ha´1 of WA (plots AP3 and AP6, respectively). Nutrient and potentially toxic heavy metal contents
of the wood ash are shown in Table 1.

Table 1. Nutrient and heavy metal concentrations of the wood ash used for the experiment [21].

Ca Mg K P

g¨kg´1 120 12 36 8

Cd Pb Cr As

mg¨kg´1 3.49 30.27 39.05 9.01
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WA stabilised on air but not pelleted was carefully and evenly spread on the soil surface of
1 ˆ 1 m plots in the middle of October 2012. WA was not mixed with FF, and plots were not irrigated
to ensure conditions similar to the forestry practice. A series of plots randomly distributed over the
stand area was established in three replications located 15 to 20 m from each other (nine plots in total).
Each replication contained all three treatments (CP, AP3, AP6), the distance between plots within each
cluster was approx. 2–3 m to minimize the effects of spatial variability of soil properties. Plots were
established where the herb layer was poor or non-existent. The scheme of sampling plot distribution is
shown in Figure A1. As the slope is very slight and infiltration of water into soil rapid because of the
FF and soil properties (extremely loose), there was no risk of spreading ash onto the control plots.

Sampling was done 0.5, 1, 6, and 12 months after the treatment. Rain appeared one week after WA
application, a part of WA dispersed in the rainwater and infiltrated through the topsoil. Three weeks
after WA application it was snowing and the 1 month samples were collected by gently removing
3 cm of snow from the forest floor before sampling. Soil samples were collected using a 0.12 ˆ 0.12 m
frame from OL, OF, OH horizons and using knife and scoop from the A-horizon (0 m–0.1 m depth) at
two different places within each plot and mixed to produce a composite sample for each soil layer.

2.2. Soil Analyses

After the bringing samples to the laboratory, fresh mass of each sample from the distinct FF layer
was determined. Each sample (including samples from the A-horizon) was divided into two parts.
One part (fresh samples) intended for microbial analyses and moisture and dry mass assessment was
stored in field-moist condition at 4 ˝C until the analysis; the other part was air-dried and used for
measurements of chemical properties.

In air-dried samples, soil acidity, total carbon and nitrogen content, as well as the concentration
of exchangeable Ca2+, Mg2+, and K+ cations was determined. Soil acidity was measured in 1 M KCl
suspension (20 g soil from the A-horizon plus 50 mL KCl, and/or 10 g samples from the OL, OF, and
OH horizons plus 50 mL KCl solution) after 24 h potentiometrically. For the determination of total
carbon and nitrogen, a MACRO Elemental Analyzer (CNS Version; Elementar, Germany) was used,
employing the dry combustion method. Exchangeable Ca2+, Mg2+, and K+ were estimated in NH4Cl
extract using atomic absorption spectrometry (GBC Avanta AAS).

In fresh samples, basal respiration, catalase activity, and soil microbial community characteristics
using BIOLOG approach were analysed. Soil samples were not sieved nor ground prior to analysis
to preserve natural conditions for microorganisms. However, larger organic debris, roots, or rocks
were removed by hand. Basal respiration was measured by estimating the amount of carbon dioxide
released from fresh soil after a 3 day incubation at 21 ˝C and absorbed in 0.05 M NaOH. The amount
of carbonate was determined by titration with 0.05 M HCl after the precipitation of carbonates by
BaCl2. Catalase activity was measured 10 min after 3% H2O2 was added to fresh soil sample, based
on the volume of discharged oxygen according to the method of Khaziev [22]. For the study of the
structure of the soil microbial community, BIOLOG (Hayward, CA, USA) EcoPlates [23] were used.
The plates contain 31 different organic substrates complemented by the redox dye tetrazolium, which
is reduced by NADH produced by respiration. The rate and extent of colour formation indicate the rate
and extent to which respiration occurs with the substrate present in the well. Inocula were prepared
by re-suspending fresh soil in 0.9% NaCl, the supernatant was diluted 1:10,000–100,000 depending
on microbial biomass, which was measured on a small group of samples. The amount of 150 µL of
extract was incubated in microtitration plates at 27 ˝C. Absorbance at 590 nm was recorded using the
Sunrise Microplate reader (Tecan, Salzburg, Austria) for 6 days. Absorbance values were blanked
against the control well. The metabolic activity was calculated as the area below the time–absorbance
curve, and was used as a measure of the abundance of the respective functional group. The richness
of the soil microbial community was assessed as the number of substrates with a non-zero response.
For the estimation of functional diversity of the microbial community, Hill’s diversity index (Div) was
calculated [24] (Equatioin (1)):
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Div “
1

ř

p2
i

(1)

where pi is the frequency (relative abundance) of the i-th functional group.
All results were expressed on dry mass. Dry mass and soil water content were determined

gravimetrically by oven-drying fresh soil at 60 ˝C (FF layers) and 105 ˝C (A-horizon) for 24 h. Fresh mass
of distinct FF horizons were converted on the plot of 1 m2. C and N concentrations in FF were converted
on C and N content regarding the dry mass of distinct FF horizons per the plot of 1 m2.

2.3. Data Evaluation

Statistical analyses were done using the statistical package SAS/STAT [25]. Analysis of variance
(ANOVA) with repeated measures was used to test the effect of soil horizon, WA treatment, and
sampling date on soil variables. Horizon and WA dose were considered fixed-effect factors and
sampling date was treated as a repeated-measure factor. Greenhouse–Geissler adjustment of degrees of
freedom was used for significance tests for date, date ˆ horizon, and date ˆ treatment interactions [26].
Because interactions were generally significant (which means that the microbial community responses
to treatments were horizon- and date-dependent), we separately compared treatments by horizons
and sampling dates (one-way ANOVAs).

As microbial richness and diversity do not completely explain how the composition of functional
groups of microorganisms is related to WA, a multivariate analysis was performed. We chose a direct
gradient analysis (redundancy analysis; RDA), allowing the determination of environmental variables
that best explain the changes of the frequency distributions of microbial functional groups in different
horizons with WA. RDA is based on a linear approximation of the species’ response to environmental
gradients (appropriate when the gradient length is small) and yields constrained ordination axes
reflecting the direction of the maximum variability within the dataset that can be explained by the
assessed environmental factors [27]. The significance of environmental variables and RDA axes was
tested using Monte Carlo permutation test (9999 runs). Unrestricted permutations were employed,
since the abundance of microorganisms and the composition of microbial communities generally
change at very short distances, so we did not expect spatial dependence at the scale used in this study.
Significant environmental variables were identified by forward selection.

3. Results

The application of WA on the soil surface was reflected in all soil variables except C and N
content and catalase activity (Table 2). Generally, WA application significantly increased base cations
concentration and microbial richness and diversity, whereas it decreased soil acidity and soil nitrogen
content (Figures 1–3); for most soil characteristics, the effects were dose-dependent (pairwise Duncan’s
tests). Similarly, highly significant differences between dates and between horizons were observed in
almost all measured characteristics. Most interactions were significant as well (except for microbial
community characteristics), indicating that the responses of soil properties and microbial community
were not uniform over combinations of experimental variants (Table 2).
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Table 2. Analyses of variance of soil characteristics (significance of F-tests).

Source of Variation df pH Ca Mg K C:N BR Cat Rich Div df C N FFm

Horizon 3 *** *** *** *** *** *** *** *** ns 2 ns ns *
Treatment 2 *** *** *** *** *** *** ns *** *** 2 ** *** ***
Horizon ˆ Treatment 6 *** *** ** *** * ns ns ns ns 4 ns ** ns

Error 24 18

Date 1 3 ns *** *** *** *** *** *** ** ** 3 ns * **
Date ˆ Horizon 1 4 *** *** *** *** *** *** *** ns ns 6 * ns ns
Date ˆ Treatment 1 6 * * ns *** *** ns ns ** *** 6 ns ns ns
Date ˆ Horizon ˆ Treatment 1 18 *** ns ns * *** ns ns ns ns 12 ns ns

Error (Date) 1 72 54

df –degrees of freedom. Significance levels: ns non-significant (p > 0.05), * 0.01 < p < 0.05, ** 0.001 < p < 0.01,
*** p < 0.001. 1 approximate DF; Greenhouse-Geissler adjustment of DF was used for probability tests. BR, basal
respiration; Cat, catalase activity; Rich, richness of microbial functional groups; Div, diversity of microbial
functional groups; FFm, forest floor mass.
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Figure 1. Comparisons of base concentration and soil acidity under different wood ash (WA) 
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Figure 1. Comparisons of base concentration and soil acidity under different wood ash (WA) treatments.
Significances of F-tests of one-way ANOVAs by horizons and sampling dates are shown (*** p < 0.001,
** p < 0.01, * p < 0.05, ns p ě 0.05). OL: Litter horizon; OF: Fragmented horizon; OH: Humic horizon;
A: A horizon.
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Figure 3. Comparisons of soil microbial community characteristics under different WA treatments.
Significances of F-tests of one-way ANOVAs by horizons and sampling dates are shown (*** p < 0.001,
** p < 0.01, * p < 0.05, ns p ě 0.05).
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3.1. Base Cations

Surprisingly, the concentrations of Ca, Mg and K cations at AP3 and AP6 were very similar in
the OL horizon during the whole measurement period and were distinctly higher at both amended
plots in comparison to CP during the first half-year after the treatment (Figure 1). In the underlying
OF horizon, amended plots exhibited higher Ca concentration already 0.5 months after the WA
amendment; however, the highest concentration of base cations in this horizon was observed after
6 months in the case of Ca and after 1 month for Mg. A general increase of base cations in the OH
horizon was found at 6 months. Differences in cations and pH were generally not detected in the
A horizon within the duration of this study.

3.2. Soil Acidity (pH/KCl)

A significant pH increase was recorded in the OL horizon on both amended plots 0.5 months
after the WA application (Figure 1). Soil acidity changed from pH = 3.4 at CP to pH = 6.9 at the AP6.
However, during the following months, pH gradually decreased at both AP3 and AP6 in the OL
horizon, but it was still significantly higher in comparison to CP one year after the WA application.
In the OF horizon, significantly higher pH was observed at both treated plots during the observation
period, but the differences in pH between CP and AP6 were lower than in the OL horizon. The highest
pH in OF was found 1 month after WA amendment. In the OH horizon, distinct differences between
treated plots and CP were detected until 6 months after the WA amendment. In the A-horizon, no
changes in pH were observed after treatment during the first year.

3.3. Soil Organic Matter

The mass of distinct FF layer differed significantly between horizons with the highest in the OH
layer (Table 2, Figure 2). Generally, the averages in the OF and OH horizons were higher in plots
with higher WA dose; however, the differences are not significant because of high within-treatment
variability (data not shown). Only the OF mass one month after treatment at AP6 was significantly
higher in comparison to the OF mass with other dose.

At the amended plots, the C content became lower compared to the control plot one month
after WA application in the top OL horizon. In the deeper horizons, the differences were generally
non-significant and no consistent pattern was found in the case of amended plots. N content also
decreased in OL starting from 0.5 months after the treatment at both amended plots, whereas in the OF
and OH horizons, there were no significant changes in N content during the observation period. With
regard to C:N ratio, no clear temporal or vertical trend was identified. In the uppermost OL horizon,
C:N deteriorated shortly after WA addition, but after 6 months this difference disappeared and no
clear pattern was observed in deeper horizons.

3.4. Soil Microorganisms

Two indicators were used for the characterisation of microbial activity–basal respiration and
catalase activity. Their responses to the treatment differed. Basal respiration generally responded to
the WA treatment (Table 2), but the ANOVAs by horizons and sampling dates with decreased sample
sizes did not identify significant differences among WA doses (Figure 3). No changes were found
in the case of catalase activity (Table 2, Figure 3). Microbial community structure changed after WA
amendment–when significant differences were observed. Higher richness and diversity of functional
groups were generally found at the amended plots, especially at AP6 and mostly during the first
6 months (Figure 3). The exception to this pattern is a decrease in microbial diversity after 1 year in the
OF horizon. The differences between AP3 and AP6 were more distinct for richness than for diversity
and more pronounced in the FF layers. In the A-horizon, no trend between plots was found.

RDA was used to assess community structure (BIOLOG-based functional groups) changes along
the environmental gradients produced by WA amendment. The first two RDA axes accounted for 7.7%
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of the variance in the species data and 64.3% of the species–environment relationship. The forward
selection of environmental variables in the RDA yielded six variables significantly affecting the
frequency distributions of functional microbial groups: the concentration of base cations (potassium,
calcium, magnesium), soil acidity, soil moisture, and C:N ratio (Figure 4). With increased base content
and decreased soil acidity, positive correlation with the utilisation of β-methyl D-glucoside (s2),
putrescine (s32), phenylethylamine (s28), and α-D-lactose (s29), and partly D-galactonic acid, γ-lactone
(s3) and L-arginine (s4), and a negative correlation with D-glucosaminic acid (s22) was found. C:N-ratio,
which is also affected by WA (cf. Table 2), negatively correlated with the activity of microbial groups
utilizing i-erythritol (s10), DL-α-glycerol phosphate (s30), α-cyclodextrin (s17), D-malic acid (s31), and
L-phenylalanine (s12). Figure 5 shows the sample scores of the first two RDA axes sorted according to
WA dose in individual horizons. There is a gradient related to WA addition along the 1st RDA axis
that is discernible in all horizons, although with increasing depth it becomes less pronounced: RDA
1 scores increase from the control plot over AP3 to AP6. There is no uniform response of functional
group composition to the year’s season, but there seems to be a sort of cyclic fluctuation: the positions
of samples taken at 2 weeks after WA application largely overlap with those at 1 year after WA
treatment, whereas the samples taken at the other two dates are shifted. These changes are apparently
associated with weather development rather than WA application. As expected, point clouds become
progressively compact towards deeper horizons, where the environment is less heterogeneous, and
tend to be concentrated in the lower-left quadrant (Figure 5), which means that their community
compositions become similar to that of the above horizons on the control plots.
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Figure 4. Redundancy analysis (RDA) of soil microbial data: functional groups positions and
significant environmental variables which passed the forward selection. Arrow tips instead of
complete arrows show the positions of functional microbial groups (metabolizing specific substrates):
s2, β-methyl-D-glucoside; s3, D-galactonic acid γ-lactone; s4, L-arginine; s5, pyruvic acid methyl
ester; s6, D-xylose; s7, D-galacturonic acid; s8, L-asparagine; s9, Tween 40; s10, i-erythritol; s11,
2-hydroxybenzoic acid; s12, L-phenylalanine; s13, Tween 80; s14, D-mannitol; s15, 4-hydroxybenzoic
acid; s16, L-serine; s17, α-cyclodextrin; s18, N-acetyl-D-glucosamine; s19, γ-hydroxybutyric acid; s20,
L-threonine; s21, glycogen; s22, D-glucosaminic acid; s23, itaconic acid; s24, glycyl-L-glutamic acid; s25,
D-cellobiose; s26, glucose-1-phosphate; s27, α-ketobutyric acid; s28, phenylethylamine; s29, α-D-lactose;
s30, DL-α-glycerol phosphate; s31, D-malic acid; s32, putrescine.
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4. Discussion

4.1. Soil Chemical Properties

Based on existing studies, it is known that the most prominent (although temporary) consequence
of WA application is an increase of base cation content, resulting in a decrease of soil acidity.
The difference in acidity between treatments varies distinctly depending on the dose and date of
sampling. Martikainen et al. [28] found in the humus layer an increase of 2 pH units 2–3 years after the
WA amendment of 6 t¨ ha´1, Saarsalmi et al. [29] 1.1–1.5 pH units after 7 years, Levula et al. [30]
observed a pH increase of up to 2 pH units 5 months after WA application of 5 t¨ ha´1, and
Bååth et al. [31] even 2.5 pH units. Our study confirmed a significant increase in pH; however, during
the first year after WA amendment, the changes were visible only in FF layers and not in the A-horizon.
The most striking changes were found in the top OL layer where pH increased from 3.4 up to 6.9
and 6.1 by the dose of 6 and 3 t¨ ha´1, respectively—much larger differences in pH than observed in
other studies. This can be explained by the sampling method. Samples are usually taken from the
FF as a whole without differentiating into subhorizons [32–34]. In our study, pH was determined on
three distinct FF layers, and as the results showed that there are significant differences in pH between
them. The differences in the OL horizon against the not-amended plot decreased with time, but pH
was still 1.5 and 1.8 pH units higher 1 year after the WA treatment. We suppose that a continuous pH
decrease in this horizon is associated with the transport of base cations with percolated water into
underlying horizons, which can be documented by the pH increase in OF after 1 month and in OH
even 6 months later. The fact that, unlike other studies, we did not find pH changes in the A-horizon
can be associated with the extremely high sorption capacity for cations/anions typical for this soil type
with andic features [35].

The pattern of temporal changes of base cations in particular horizons is not as clear as that
of pH. Unlike pH, we did not observe a continuous decrease of the base cation concentration in
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the OL horizon. Surprisingly, the amount of calcium did not peak at the beginning of the study
but mostly 6 months later; in the OF and OH horizons, this temporal shift is visible in all base
cations. However, the fluctuations of base cations concentration were also found in plots without
WA. Relatively large amounts of nutrients are stored in the forest litter [36] and become continuously
released by decomposition processes. As the intensity of decomposition processes varies during
a year, depending on weather and input of fresh organic material, fluctuation of exchangeable cations
during a year can also be expected in the non-amended plots. We suppose that the increase of base
cations concentration 6 months after WA application can be associated with the increasing intensity of
decomposition, as in April, at the beginning of the vegetation period at this altitude, solar radiation, air,
and soil temperature increase, which is reflected in a higher microbial activity [11]. This suggestion is
supported by a parallel increase of respiration and catalase activity observed in our study. The temporal
shift observed in the case of calcium and magnesium concentration is less pronounced in potassium,
probably because of rapid leaching on the one side: potassium is released from litter into the soil
solution relatively quickly compared to other nutrients, and on the other side, potassium is also
a weaker hold on cation exchange sites compared to Ca and Mg [37–39].

FF mass, as well as C and N content, did not show a clear pattern after the treatment. WA caused
a significant decrease of C and N content in FF compared to the control plot early after the treatment.
Decrease of C and N content after WA amendment was observed in many studies and is usually
explained by the increase of cellulose decomposers and microorganisms involved in N-cycle inhabiting
forest litter [40,41]. At our plots, the most distinct decrease in C and N content was found in the
OL layer one month after treatment. Soil microorganisms can be responsible for a part of the C and
N loss. The decrease can also be associated with loss via dissolved organic carbon (DOC) release.
Fresh litter is the main source of DOC, its production and leaching is controlled by many factors,
including soil pH [15]. It was shown that DOC concentration increases after WA application [42].
Jokinen et al. [15] found that the DOC concentration increased three-to-four-fold at WA amendment
plot in comparison to the control plot and higher DOC amount was already observed 2 days after WA
application. The inconsistent pattern of organic matter characteristics in our study can be associated
with high spatial and temporal variability. In coniferous stands, the input of organic matter on the
soil surface is very irregular, which can reduce the effect of WA on FF decomposition. In laboratory
experiments, where the conditions are controlled, the effect could be much more pronounced.

4.2. Soil Microorganisms

The outcomes of studies dealing with microbial activity after WA treatment are quite inconsistent,
increases as well as decreases in microbial biomass and activity were observed [16,40,43–46].
The discrepancies can be explained by variation in fertility and management regimes among sites,
different degrees of stabilisation and wood ash dosage used, and different time scales among different
studies [47]. WA usually stimulates microbial activity and mineralisation due to the changes of soil
properties [13]. However, enhanced activity was mostly observed only during a relatively short period
after WA amendment. Perucci et al. [17] detected increased microbial activity over the first 8 months;
however, most pronounced changes occurred in the first two months. Zimmermann and Frey [14]
observed that basal respiration peaked 4 days after WA addition, although the effect was still detectable
after 460 days. There are few exceptions; e.g., Perkiömäki and Fritze [44] found changes in microbial
activity and the phospholipid-derived fatty acids (PLFA) pattern still 18 years after WA treatment,
but generally the duration of the WA effect was short. In our previous experiment in another spruce
stand with soil sampling several months after WA application (plots were established for a different
purpose), changes in soil chemical properties were distinct but the activity and composition of microbial
community did not reflect them in general [48]. This was the motivation for a new experiment
presented in this study, where soil samples were taken much earlier after WA application than in the
first study to see whether the microbial community would reflect the physico-chemical changes at
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a short time scale. The results confirmed this expectation and, with the exception of catalase activity,
all soil characteristics differed between plots with and without WA amendment.

Our results demonstrate that the effect of WA is not reflected in different attributes of microbial
activity in the same way. As we already mentioned, we analysed basal respiration and catalase activity
to characterize microbial activity. The reason for the choice of these characteristics is that during the
years of 2003–2006, we monitored the responses of respiration and catalase activity in distinct FF
layers to environmental conditions at this locality [11], and we supposed that the findings could help
us by the interpretation of results in this study. Basal respiration is generally used as an indicator
of total microbial activity in soil. Catalase (peroxide oxidoreductases; EC 1.11.1.6) catalyzing the
decomposition of peroxidic bonds occurs in all cells growing aerobically and most facultative anaerobes.
Catalase activity was found to be correlated with many soil variables and also very sensitive, e.g., to
soil contaminants [49,50].

An immediate effect of WA throughout horizons was observed in the case of basal respiration
but not in catalase activity, which is in accordance with Zimmermann and Frey [14] and confirms that
the effect of WA on soil enzymes is less consistent, maybe because of different origins of soil enzymes
and their interactions with the environment. The increase of microbial activity after WA treatment
is usually associated with direct and indirect pH effects, because at neutral pH, the concentration of
DOC is higher and its quality is enhanced. More carbon being available for microorganisms could
lead to the proliferation of microbial species present in soil but inactive before the treatment [14,15].
In our study, the most distinct effect of WA on basal respiration was found only in the top 2–3 cm of
the FF, i.e., in layers with relatively fresh materials (OL, OF), which due to increased pH are capable of
releasing more DOC, serving as an easily utilised carbon source for microorganisms.

The structure of the microbial community usually reflects changes in soil acidity. Frostegåard et al. [51]
showed that increased pH caused a shift in the bacterial community to more Gram-negative and
fewer Gram-positive bacteria, while the amount of fungi was unaffected. Even though the studies
of the changes of the soil microbial community after WA addition or liming mostly focused on
taxonomic composition, employing PLFA assay [12,20,44], Niklińska et al. [52] showed that the
BIOLOG approach oriented on functional groups may be useful because of its sensitivity and is
more closely related to ecosystem functions. Actually, the adaptation of bacterial communities to
changed environments (including changes in substrate supplies) does not necessarily require a change
of taxonomic composition by natural selection; the famous experiments of Jacques Monod with
enzyme adaptation [53] have already shown that the capacity of prokaryotic cells to adapt to different
available substrates through gene activity regulation is enormous. Moreover, a large proportion of
living bacterial cells in soil are inactive, and their ability to switch to the active state in the presence
of substrates depends from the degree of dormancy [54]; taxonomic composition thus need not
truly reflect the function of the microbial community. In our study, WA treatment was significantly
reflected in the richness and diversity of microbial functional groups and several microbial groups
showed changed substrate utilisation patterns (enhancement or decline) in relationship to changes
of base cations availability and soil acidity. Lupwayi et al. [16] found that substrates responding
to WA in the BIOLOG assay included carboxylic acids, amino acids, and carbohydrates. This is
partly in accordance with our results, where increased utilisation of substrates was observed, which
are produced by the breakdown of amino acids or heteropolysaccharides in dead plant tissues.
The changes in community structure can be related to the availability of substrates, which depends
on their incorporation into high-molecular complexes or stabilization on mineral surfaces [55].
Changes of the acidity and cation concentration of soil solution caused by WA affect stability of such
organic or organo-mineral complexes [56] and may have increased the variety of substrates available
for decomposition. Nevertheless, whether the higher functional diversity in WA-treated soils is
a consequence of selective processes and colonization by new microbial taxa or a simple physiological
adaptation of strains already present on site to a broader offer of substrates remains an open question.
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On the other hand, the increased microbial activity probably resulted from the preferential growth of
certain members of microbial community that are favoured by high pH [12,15].

5. Conclusions

Wood ash application on the forest floor in a Norway spruce stand was reflected in the changes of
chemical and microbial characteristics of the forest floor layers throughout the first year but not in
the mineral A-horizon. The results demonstrate that the changes of particular horizons of forest floor
are not simultaneous and of the same extent. WA application in autumn led to a significant increase
in pH, base cation concentration, and distinct losses in C and N content in the OL layer in the first
month; however, at the beginning of the vegetation period, the most pronounced effect of WA was
observed in the OF and especially the OH horizon, which means that more appropriate conditions
appear there due to less acidity and more available nutrients for plant roots or seedlings. The study
also showed that WA provoked changes in the activity and composition of the microbial community
when increased utilisation of some groups of amines and carbohydrates were found with decreasing
soil acidity. Different properties of particular forest floor horizons led to a vertical stratification of the
microbial community; in deeper layers, a less heterogeneous composition of functional groups was
observed. The results indicate that forest floor layers need to be considered separately to understand
environmental impacts on processes occurring there, as well as to identify their effects on aboveground
vegetation rooting in these layers.
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WA wood ash
OL litter horizon
OF fragmented horizon
OH humic horizon
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CP control plot, WA fertilization: 0 t¨ha´1

AP3 amended plot, WA fertilization: 3 t¨ha´1

AP6 amended plot, WA fertilization: 6 t¨ha´1

Resp basal respiration
Cat catalase activity
Rich richness of the soil microbial community
Div functional diversity of the soil microbial community
RDA redundancy analysis
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