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Application of wood ash leads 
to strong vertical gradients 
in soil pH changing prokaryotic 
community structure in forest top 
soil
Toke Bang‑Andreasen1,2, Mette Peltre3, Lea Ellegaard‑Jensen1, Lars Hestbjerg Hansen1,4, 
Morten Ingerslev3, Regin Rønn2, Carsten Suhr Jacobsen1 & Rasmus Kjøller 2*

Wood ash is alkaline and contains base‑cations. Application of wood ash to forests therefore 
counteracts soil acidification and recycle nutrients removed during harvest. Wood ash application to 
soil leads to strong vertical gradients in physicochemical parameters. Consequently, we designed an 
experimental system where small‑scale vertical changes in soil properties and prokaryotic community 
structure could be followed after wood ash application. A mixed fly and bottom ash was applied in 
dosages of 3 and 9 t  ha−1 to the surface of soil mesocosms, simulating a typical coniferous podzol. 
Soil pH, exchangeable cations and 16S prokaryotic community was subsequently assessed at small 
depth intervals to 5 cm depth at regular intervals for one year. Wood ash significantly changed 
the prokaryotic community in the top of the soil column. Also, the largest increases in pH and 
concentrations of exchangeable cations was found here. The relative abundance of prokaryotic groups 
directionally changed, suggesting that wood ash favors copiotrophic prokaryotes at the expense of 
oligotrophic and acidophilic taxa. The effect of wood ash were negligible both in terms of pH‑ and 
biological changes in lower soil layers. Consequently, by micro‑vertical profiling we showed that wood 
ash causes a steep gradient of abiotic factors driving biotic changes but only in the top‑most soil 
layers.

The urge to limit the use of fossil fuels has led to an increased use of biomass, especially wood, for heat and 
energy  production1; hence, increased application of wood ash in plantations may improve the sustainability of 
using biomass in heating- and power  plants1. Wood ash can when applied to soil, counteract soil acidification 
and return valuable plant nutrients removed by  harvest2–4. This is especially important in intensively managed 
silvicultural systems where continuous removal of wood for biofuel is particularly likely to cause soil acidification 
and nutrient  loss5. Hence, increased application of wood ash in plantations improve the sustainability of using 
biomass in heating- and power plants. The relatively high concentration of harmful heavy metals (e.g. Cd and Pb) 
and the initial high alkalinity of wood ash may however cause adverse ecosystem effects that outweigh positive 
 effects4,6,7. Soil prokaryotes contribute to key ecosystem processes involved in carbon and nutrient cycling and 
they are vital for plants and higher trophic levels of the terrestrial food  web8–11. Changes in prokaryotic com-
munities can therefore alter ecosystem  processes12–14.

The effects of wood ash application on soil prokaryotes include changes in community composition, activ-
ity and quantity. These responses have generally been explained by an ash-induced raise in soil pH, increased 
concentrations of soil nutrients and possibly heavy metals, increased N-mineralization rates, and a change in 
amount or quality of dissolved organic  carbon6,15–23. Soil pH is particularly important as a driver for prokaryotic 
community  composition24,25. Changes in pH affect prokaryotes directly by changes in the osmotic conditions 
for the prokaryotic cells and indirectly by changing the pH-dependent solubility, and thus bioavailability, of 
mineral nutrients and toxic  compounds26,27. Nutrient availability is also a major driver of prokaryotic community 
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composition and taxonomic groups possessing copiotrophic lifestyles prosper upon increased nutrient availability 
at the expense of oligotrophic  groups28–31.

Wood ash is typically applied on the soil surface leading to strong physicochemical gradients down the soil 
 profile32,33. The vertical gradients in environmental parameters strongly affect microbial abundance and activity, 
and biochemical processes mediated by  microorganisms18,34–36. Plants are also affected by this environmental 
variability as many roots selectively grow where nutrients are  plentiful37,38. Thus, ash-induced changes in vertical 
gradients of environmental variables and nutrient availability can potentially affect biological processes, ecosys-
tem structure and soil ecosystem services. Therefore, it is important to investigate the interaction between wood 
ash induced physicochemical gradients in top soils and the derived biotic consequences at the micro-vertical 
scale. Such investigations are presently scarce because assessment of wood ash effects on ecosystems typically 
relies on bulk sampling that combines soil from the upper 5–15 cm of the soil column, which may mask or aver-
age stratified  effects39,40.

We therefore designed an experimental system to study small-scale vertical changes in soil properties and 
prokaryotic community structure after wood ash amendment. The experimental units were created by repack-
ing homogenized material from the O- and A-horizon in two layers in large containers. This system allowed us 
to simulate the natural forest soil column in an otherwise spatially homogenous system optimized for repeated 
samplings over an entire  year33. We hypothesized that the prokaryotic community composition would respond 
closely to wood ash induced pH and base cation gradients established down the soil profile. In particular, we 
expected that increased alkalinity in the uppermost soil layers would lead to lower abundance of acid-tolerant 
bacteria while favoring copiotrophic and alkaline-tolerant bacteria.

Results
pH and soil nutrients. The results regarding pH and soil nutrients are described in detail in Hansen et al33. 
and are briefly summarized here. Wood ash application significantly increased soil pH in the uppermost soil 
layers down to 2 cm depth (Table 1). One day after wood ash application the average soil pH at 0.5 cm depth 
was 3.26 ± 0.02 (SE), 5.79 ± 0.26and 10.02 ± 0.36in soils applied with 0, 3 and 9 t  ha−1, respectively. Maximum 
pH values were found in these uppermost soil layers throughout the 1 year experimental period. Over time, the 
maximum pH decreased by approximately pH 0.006 day−1 in both the 3 and 9 t  ha−1 amended soil. No significant 
pH changes occurred at lower soil depths and no changes were observed in unamended soil.

Cation exchange capacity (CEC) increased significantly in the upper 1 cm of the soil column of the 3 t  ha−1 
ash amended soil and in the upper 2 cm of the 9 t  ha−1 ash amended soil when compared to the unamended 
soil (Supplementary Table 1). Concentrations of exchangeable cations (Ca, K, Mg and Mn) increased within the 
top 0–5 cm of the 9 t  ha−1 soil column and in the top 0–1 cm of the 3 t  ha−1 soil column. The same was true for 
exchangeable Na with the exception that Na did not show any increase in 1–2 cm depth of soil applied with 9 
t  ha−1. In contrast to the other cations, exchangeable Fe and Al generally decreased in wood ash amended soils 
(Supplementary Table 1).

Prokaryotic community. A total of 3.7 million DNA sequences remained after bioinformatic processing. 
When separated into 170 samples the sequencing depth ranged from 5071 to 74,746 sequences per sample. A 
total of 11,828 unique Operational Taxonomic Units (OTUs) were derived from these sequences based on the 
97% clustering criteria.

Overall, prokaryotic richness (number of observed OTUs) and Shannon diversity significantly (p < 0.001) 
decreased with soil depth across all sampling-times and wood ash doses (Fig. 1). These metrics did not signifi-
cantly change in the unamended soil throughout the experimental period. In comparison to the unamended soil 
the highest dose of ash application (9 t  ha−1) significantly (p < 0.05) decreased richness and Shannon diversity at 
0.5 cm soil depth after 363 days. In contrast, Shannon diversity significantly (p < 0.05) increased at 2.5 cm soil 
depth 363 days after 9 t  ha−1 ash application when compared to the unamended soil. The 3 t  ha−1 ash amendment 
did not result in significant differences in these metrics when compared to the unamended soil.

The prokaryotic community composition changed in response to wood ash application. The most pronounced 
effects occurred in the uppermost soil layer and the effect increased with time (Fig. 2A,B; Supplementary Table 2).

Table 1.  Average pH values in the different soil depths corresponding to the soil samples used for sequencing 
of the prokaryotic community across wood ash concentrations and time points (mean ± SE). The soil pH 
was measured using 500 µm steps down the soil profile (see “Methods” section) and the presented values are 
calculated as the average pH measured in the depth intervals of [0–0.95 cm cm], [1–1.95 cm], [2–2.95 cm] and 
[4–4.95 cm] each consisting of 20 pH measurements. The full picture of the measured pH across all depths and 
time points (monthly intervals) are found in Hansen et al33. *< 0.01.

0 t ha-1 3 t ha-1 9 t ha-1

1 d 62 d 152 d 278 d 363 d 1 d 62 d 152 d 278 d 363 d 1 d 62 d 152 d 278 d 363 d

0.5 cm 3.26 ± 0.02 3.50 ± 0.11 3.46 ± 0.11 3.31 ± 0.05 3.59 ± 0.10 5.79 ± 0.26 7.37 ± 0.19 7.81 ± 0.16 6.26 ± 0.12 5.05 ± 0.06 10.02 ± 0.36 8.09 ± 0.12 7.75 ± 0.10 7.44 ± 0.09 7.65 ± 0.07

1.5 cm 3.10 ± 0.01 3.26 ± 0.00 3.24 ± 0.00 3.35 ± 0.01 3.55 ± 0.01 3.27 ± 0.06 4.20 ± 0.09 4.44 ± 0.14 4.44 ± 0.05 4.28 ± 0.03 5.19 ± 0.16 4.92 ± 0.20 5.22 ± 0.17 5.38 ± 0.11 5.84 ± 0.19

2.5 cm 3.00 ± 0.00* 3.25 ± 0.00 3.28 ± 0.00 3.40 ± 0.00 3.57 ± 0.00 3.17 ± 0.02 3.63 ± 0.01 3.85 ± 0.01 4.00 ± 0.02 4.01 ± 0.01 3.54 ± 0.08 3.86 ± 0.02 4.01 ± 0.01 4.35 ± 0.03 4.58 ± 0.02

4.5 cm 3.01 ± 0.00 3.23 ± 0.01 3.34 ± 0.00 3.44 ± 0.01 3.56 ± 0.00 3.08 ± 0.00 3.46 ± 0.00 3.72 ± 0.00 3.66 ± 0.01 3.76 ± 0.00 2.79 ± 0.00 3.56 ± 0.01 3.82 ± 0.01 3.89 ± 0.01 4.11 ± 0.01



3

Vol.:(0123456789)

Scientific Reports |          (2021) 11:742  | https://doi.org/10.1038/s41598-020-80732-0

www.nature.com/scientificreports/

At the beginning of the experiment the prokaryotic community was dominated by Acidobacteria (77.6% 
relative abundance across all soil depths), Proteobacteria (8.2%), candidate division WPS-2 (5.6%) and Ver-
rucomicrobia (3.2%) (Supplementary Fig. 1).

Wood ash application resulted in a significant and trending decrease in relative abundance of Acidobacteria 
at soil depth 0.5 cm (p = 0.04) and 1.5 cm (p = 0.08) respectively, while no responses were observed at lower soil 
layers (Supplementary Fig. 1). Acidobacteriales contributed the most to this decrease (Fig. 3). Other groups 
increased in relative abundance in the uppermost soil layers in response to wood ash application: Alphaproteo-
bacteria (p = 0.04 and p = 0.09 at 0.5 and 1.5 cm depth, respectively), Deltaproteobacteria (p = 0.04 at 0.5 cm), 
Verrucomicrobia (p = 0.03 and p = 0.07 at 0.5 and 1.5 cm depth, respectively) and Bacteroidetes (p = 0.08 at 
1.5 cm depth). The most pronounced increase was seen for Alphaproteobacteria with the orders Rhizobiales 
and Rhodospirillales contributing most to this increase (Fig. 3). No significant or trending changes in relative 
abundance occurred for these dominant groups in deeper soil layers (p > 0.1).

Physicochemical parameters and community responses. The strongest correlations of measured 
physicochemical parameters to the NMDS projections of community dissimilarities (Bioenv analysis) occurred 
in the uppermost soil (0.5 cm) (Table 2). Similarly, the highest number of physicochemical parameters signifi-
cantly explaining community dissimilarities between samples (Adonis analysis) was observed in the uppermost 
soil. Thus, at a soil depth of 0.5 cm, pH, CEC and exchangeable Al, Ca, Fe, Mg and Mn explained the observed 
community dissimilarities between samples (Table 2). At 1.5 cm soil depth, only pH, CEC and exchangeable Ca, 
Mg and Mn were selected as significant parameters, while only Ca was important at 2.5 and 4.5 cm soil depth.

Discussion
Soil pH is a main driver of microbial community  structure13,25,41,42 and we hypothesized that prokaryotic richness 
and community composition would closely follow an expected strong wood ash induced pH gradient. We did 
indeed record a strong vertical pH gradient ranging from pH 4.5 – 11 within the top 1–1.5 cm of the soil and this 
drove a likewise marked change in the prokaryotic community structure. Previous studies have demonstrated 
that the high alkalinity of wood ash is one of the main reasons for wood ash induced changes in soil  biota6,15,17,23. 
Similarly to the present study, Gömöryová et al32. found a strong gradient of physicochemical changes in the 
top soil column after wood ash application coupled with increased heterogeneity of the culturable microbial 
functional community structure assessed by BIOLOG plates. Combined, the results of Gömöryová et al32. and 
the present study emphasize that strong and highly stratified biotic and abiotic responses occur at the mm-cm 
scales down the top soil after wood ash application. Changes in amount and quality of organic matter and the 

Figure�1.  Prokaryotic richness (observed OTUs) and Shannon diversity across wood ash concentrations, soil 
depth and time after wood ash application. Error bars represent standard errors (n = 2 or 3). Figure was created 
in R v. 1.0.153 (www.R-proje ct.org) and GIMP v. 2.8.22 (https ://www.gimp.org).

http://www.R-project.org
https://www.gimp.org
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biological and physical mixing with the mineral soil below are known to affect the composition of soil biota and 
the biochemical processes they  mediate18,43–45. For instance, microbial biomass is greatest in surface  layers34–36 and 
stimulation of copiotrophic microbes in these top layers may have profound effects on the decomposition rate.

In general, microorganisms are adapted to the prevailing pH of their  environment46 and the pH increase in 
the top soil of our experiment caused extreme environmental conditions for most of the indigenous microbial 
community. The extreme changes in pH and concentration of exchangeable cations lead to drastic changes in 
osmotic conditions that are probably harmful for many prokaryotic cells in the soil. Most prokaryotes have a 
growth range within 3–4 pH units and pH levels outside this range are  detrimental47,48. This is exemplified by 
Acidobacteria which dominate in low pH soils and are negatively affected by increasing  pH13,25,49. The decrease 
in Acidobacteria was accompanied by an increase in the relative abundance of Bacteroidetes and Alphaproteo-
bacteria. These groups have previously been found to respond positively to increasing pH in  soils25,42,50. Indirect 
effects of the increased pH include changed solubility (and thus bioavailability) of nutrients and toxic compounds 
(e.g. heavy metals) due to the pH-dependent equilibria of these compounds in the soil  matrix27,51,52. These indirect 
pH effects probably also contribute to the observed prokaryotic changes.

Increased levels of bioavailable nutrients, here measured as exchangeable cations, and increasing CEC in the 
top soil layers after ash application, probably also affected the prokaryotic communities. This is indicated by the 
stimulation of taxonomic groups generally known to possess copiotrophic lifestyles including Alphaproteobac-
teria, and  Bacteroidetes28,53–55. Within Alphaproteobacteria, especially the order Rhizobiales increased in relative 
abundance after wood ash application. Many members of Rhizobiales are  copiotrophs56,57 and able to cope with 
high levels of heavy  metals58. These capabilities probably give members of Rhizobiales advantages over other 
microorganisms upon the addition of ash-inherent nutrients and heavy metals. Wood ash amendment can also 
indirectly increase bioavailable carbon and nitrogen sources, which probably also contribute to the observed 
stimulation of copiotrophic  groups23,26,52. The relative increase in copiotrophic groups are probably also enhanced 

Figure�2.  Bray–Curtis dissimilarity of prokaryotic communities across wood ash concentrations, time 
after ash application and depth below soil surface. (A) NMDS projection of dissimilarities between samples 
separated into depths (stress = 0.11). (B) Average Bray–Curtis dissimilarity between prokaryotic communities of 
unamended soil samples compared to samples applied with ash doses of 3 and 9 t  ha−1, respectively (0 vs. 3 t  ha−1 
and 0 vs. 9 t  ha−1), within each soil depth. Figure was created in R v. 1.0.153 (www.R-proje ct.org) and GIMP v. 
2.8.22 (https ://www.gimp.org).

http://www.R-project.org
https://www.gimp.org
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by the relative decrease in the oligotrophic Acidobacteriales as the copiotrophic groups will outcompete the 
slower growing oligotrophic groups when bioavailable nutrients are plentiful.

While most of the prokaryotic community responses occurred 0.5–1.5 cm below the soil surface, the phylum 
Verrucomicrobia also increased in relative abundance deeper in the soil profile. Members of Verrucomicrobia 
generally possess oligotrophic  lifestyles31, but the vast majority of this phylum remains undescribed leaving 
their functional roles in soil largely  unknown59. However, wood ash addition also affected the soil environment 
in deeper soil layers (2.5 and 4.5 cm) as seen by the significant increases of cations at 9 t  ha−1 ash application. 
This may partly explain the increase in relative abundance of Verrucomicrobia but not why this should favor 
this bacterial group over other groups (who remain largely unchanged at these soil depths). More investiga-
tions are needed to reveal the possible interaction of Verrucomicrobia and other wood ash induced changes in 
physicochemical parameters.

Temporal responses were evident after wood ash application with the communities separating more and more 
from the initial assembly with time. This was also true for prokaryotic diversity, as the only significant effects 
of wood ash application on diversity were observed one year after ash application. In contrast, the most pro-
nounced effects on pH and cations were observed one day after wood ash application after which pH and cation 
concentrations gradually decreased with time. These temporal responses suggest that parts of the prokaryotic 
community slowly adapts to the new environmental conditions created by the wood ash application. We can 

Figure�3.  Contour plots of the relative abundance of dominant prokaryotic groups across wood ash 
concentration, soil depth and time after wood ash application. Colors refer to relative abundance of the groups. 
Note different color scales between Acidobacteriales and the other presented taxa. Figure was created in R v. 
1.0.153 (www.R-proje ct.org) and GIMP v. 2.8.22 (https ://www.gimp.org).

http://www.R-project.org
https://www.gimp.org
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only speculate if this separation with time would continue after one year, but as wood ash application produces 
year-long alterations of the top-soil  chemistry60,61 this seems likely.

As discussed above, copiotrophic groups likely proliferate and utilize the increased concentration of avail-
able nutrients at the expense of oligotrophic groups. However, the dramatic environmental changes in the top 
layers of the soil observed here would suggest a more rapid prokaryotic response as for example the high pH 
should cause cell lysis of many prokaryotes. A possible explanation for the relatively slow community responses 
observed is the inclusion of relic DNA from dead prokaryotes. Extracellular DNA is relatively stable and only 
slowly degrades in  soils62,63 and the inclusion of DNA from dead organisms will thus indicate slower community 
responses than what is actually true in the  soil64. Total RNA-sequencing would circumvent the bias associated 
with relic DNA as RNA have much faster turnover  time65–67. We therefore suggest that future studies should 
also consider RNA-based techniques when studying short-time reactions. An additional advantage of direct- as 
opposed to PCR-based sequencing is the inclusion of potential competitors (e.g. fungi) as well as grazers (e.g. 
protozoa) in the sequenced data pool.

The marked changes in abiotic and biotic parameters in the top soil after wood ash application potentially 
affect biochemical processes important for soil ecosystem functioning. Accordingly, Gömöryová et al32. showed 
a vertical stratification in the relative abundance of different microbial functional groups after wood ash applica-
tion. These stratified responses need to be taken into consideration to identify environmental impacts of wood ash 
application. However, assessments of wood ash effects on soil ecosystems are typically performed on un-stratified 
samples of the top 5–15 cm of  soil16,21,22,44,45. This sampling strategy strongly underestimate the marked responses 
observed just below soil surface. More studies are needed to reveal if the pronounced effects in the uppermost 
soil layers after wood ash application cause significant effects within the overall ecosystem, and hence, whether 
the use of un-stratified bulk sampling in assessment of wood ash application needs to be replaced by sampling 
of soil profiles in higher vertical resolution. Finally, we also note that in forestry the spreading of wood ash with 
heavy machinery will cause a much more inhomogeneous distribution pattern both on the surface but potentially 
also vertically via soil pores than what was observed in this study.

Conclusion
Wood ash application creates strong vertical gradients in environmental parameters down the uppermost part of 
the soil profile. This is seen as large increases in pH and exchangeable cation concentrations just below the soil 
surface with less pronounced increases at deeper soil layers. Soil prokaryotic community composition is directly 
altered by this environmental gradient and shows dramatic community shifts just 0.5 and 1.5 cm below the soil 
surface. Community responses within these layers increase in magnitude throughout a period of one year follow-
ing wood ash application. Prokaryotic groups known to thrive at higher pH levels and with copiotrophic lifestyles 
increased in dominance at the expense of acidophilic and oligotrophic prokaryotic groups. We therefore question 
the typically used un-stratified bulk sampling of soils in the assessment of ecosystem effects after ash application. 
Bulk sampling disregards the highly stratified biotic and abiotic responses after wood ash application. Future 
investigations should examine the strong vertical gradients of soil conditions created by wood ash application, 
and whether higher resolution profiling is needed to fully assess the effects of ash addition on soil ecosystems.

Methods
Soil collection and experimental set‑up. Soil was collected from a Norway spruce (Picea abies (L.) 
Karst.) plantation, “Gedhus Plantage” (56°16�•39�ŽN, 09°05�•10�ŽE), in late August 2014. The plantation is a second 
generation forest on former heathland with a podsolized soil formed on a well-drained, sandy glacial till. The 
climate includes a mean annual precipitation of 850 mm and a mean annual temperature of 8.4 °C. Approxi-

Table 2.  R2-values of Envfit and Adonis (PERMANOVA) analyses. The Envfit analysis test for significant 
correlation of environmental parameters to the NMDS projections of community dissimilarities between 
samples (Bray–Curtis) each parameter separately. The Adonis analysis test whether environmental parameters 
significantly explain the observed community dissimilarities (Bray–Curtis) between samples and uses 
a statistical model that includes all environmental parameters. Values are R2-values. Asterisks refers to 
significance level (* is 0.01 < p < 0.05, ** is 0.001 < p < 0.01, *** is p < 0.001). “ns” are non-significant results from 
the Adonis test.

Explanatory variable

0.5�cm 1.5�cm 2.5�cm 4.5�cm

Env�t Adonis Env�t Adonis Env�t Adonis Env�t Adonis

pH 0.39** 0.19*** 0.42* 0.13** 0.02 ns 0.09 ns

CEC 0.19* ns 0.26* ns 0.11 ns 0.07 ns

Al 0.39** ns 0.13 ns 0.00 ns 0.03 ns

Ca 0.37** 0.05* 0.30* ns 0.10 0.10** 0.11 0.02*

Fe 0.30* ns 0.06 ns 0.07 ns 0.22 ns

K 0.14 ns 0.06 ns 0.05 ns 0.02 ns

Mg 0.19* 0.15*** 0.25* ns 0.03 ns 0.05 ns

Mn 0.39** ns 0.22* ns 0.03 ns 0.05 ns

Na 0.14 ns 0.01 ns 0.04 ns 0.02 ns
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mately 30 and 300 kg of soil from the O- and A-horizon, respectively, was sampled, placed into plastic containers 
and stored outside in dry and shady conditions before establishing the experimental system. Table 3 presents 
physicochemical composition of the soil horizons. In late November 2014 the soil was sieved (4 and 2 mm mesh 
for O- and A-horizon, respectively) and thereafter re-packed into nine boxes (42 × 72 cm) to simulate an intact 
forest soil. Soil was packed so the top 1-cm was organic O-horizon soil with density 0.2 g  cm3 on top of 15 cm 
of mineral A-horizon soil with density 0.65 g  cm3. The A-horizon soil contained > 90% sand, little clay and 6% 
organic  matter33.

Wood ash was evenly distributed on top of the soil in doses corresponding to 0, 3 and 9 t  ha−1 (dry weight 
ash / dry weight soil). Current regulation in Denmark sets the maximal limit for wood ash application to 3 t 
 ha−1 three times during a 70 year growth cycle, with a minimum time period between applications of 10 years. 
Triplicate mesocosms were established for each ash dose. The ash was a mixed bottom and fly ash from a heating 
plant in Brande, Denmark, fueled with coniferous wood chips. Table 3 presents physicochemical composition of 
the ash (for more extensive chemical composition, see ash “MA-9c”  in27. For more details on the experimental 
design, see Hansen et al33.

Above each box we established a watering system consisting of 18 timer-regulated dripping nozzles that 
applied demineralized water equivalent to the yearly precipitation of the forest site divided in weekly irrigation 
events. Filter paper was placed on top of stainless steel grids that were positioned 5 cm above soil surface to ensure 
evenly distribution of water onto soil surface. Gravel stones under the soil allowed water drainage through a 
hole in the bottom of the boxes. The boxes were incubated in a laboratory at room temperature (≈ 20 °C) under 
aerobic conditions for an experimental period of 363 days.

pH and CEC measurements. Once a month, soil cores were collected using plastic tubes (Ø = 6 cm). A 
microsensor (pH-500, Unisense, DK) measured pH down the center of the sampled cores at 500 µm steps to 
5 cm depth. A second set of soil cores were retrieved after 62, 152, 278 and 363 days after ash application and 
separated into soil depths of 0–1, 1–2, 2–3, and 4–5 cm which were extracted with 1 M  NH4NO3 to analyze for 
exchangeable base cations (Al, Ca, Fe, K, Mg, Mn, Na) (Thermo Scientific, iCAP Q, ICP-MS). Empty tubes were 
left in the holes to keep structure of soil intact throughout the study. For more details see Hansen et al33.

Prokaryotic community: soil sampling, DNA extraction and library preparation. Soil samples 
(0.5 g) from 4 soil depths (0.5, 1.5, 2.5 and 4.5 cm) were collected for DNA extraction at four sampling times (1, 
62, 152, 278 and 363 days) after wood ash application, for a total 180 samples.The soil samples were retrieved 
with a special procedure to avoid inclusion of microorganisms and ash that may potentially be dragged down 
into the soil when pushing a soil corer into the soil (Supplementary Fig. 2)43. Soil samples were immediately 
frozen in liquid nitrogen and stored at − 80 °C.

DNA was extracted using the PowerLyzer PowerSoil DNA Isolation Kit (Mobio, Carlsbad, CA, US) following 
manufacturer’s protocol. DNA concentrations were measured using the Qubit HS kit (Invitrogen, Carlsbad, CA, 
US) to ensure DNA yield of 1 to 10 ng/µl. DNA extracts were stored at -20 °C prior to 16S rRNA gene library 
preparation.

DNA extracts were prepared for 16S rRNA gene amplicon sequencing using a two-step amplification proce-
dure. The first PCR run amplified the 16S rRNA gene using the primers 341f.: 5�•-CCT AYG GGRBGCASCAG-3�• 
and 806r: 5�•-GGA CTA CNNGGG TAT CTAAT-3�• which flanks the V3-V4 region of the 16S rRNA gene 40. The 
forward and reverse primers contained Nextera overhang (Illumina Inc., CA, US) which allowed the addition 
of multiplexing indices in the second PCR. The first PCR used a master mix consisting of 12 µl Accuprime 
SuperMix II (Thermo), 0.5 µl of each primer (10 µM each), 2.0 µl bovine serum albumin (10 mg ml−1; Bioron, 
Ludwigshafen, Germany) and 5 µl DNA template. Amplification was carried out on a Bio-Rad CFX-96 (Bio-Rad, 
Hercules, CA, US) with thermal conditions of 95 °C for 2 min followed by 33 cycles of 95 °C for 15 s, 55 °C for 
15 s, 68 °C for 40 s and ending with a final elongation of 68° for 4 min. Amplification of 16S rRNA gene products 

Table 3.  Physicochemical composition of the applied wood ash and the used O- and A- horizon soil. All metal 
concentrations are total concentrations following acid digestions and subsequent ICP-MS. Presented values 
represents averages (n = 3). Data are extracted from Hansen et al33. and Maresca et al27.

Wood ash O-Horizon A-Horizon

pH 12.7 3.78 3.82

Total C (g kg−1) 66.4 397 50.1

Total N (g kg−1) 0.70 13.9 1.52

CEC (Cmol(+) kg−1) – 12.9 4.48

Al (mg kg−1) 12.4 1.01 823

Fe (mg kg−1) 6.72 1.11 584

Ca (mg kg−1) 135 1.54 131

K (mg kg−1) 39.4 628 378

Mg (mg kg−1) 12.7 573 22.2

Mn (mg kg−1) 7.43 21.4 20.9

Na (mg kg−1) 10.5 310 85.7
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were confirmed by gel-electrophoresis. Second PCR added indexes i7 and i5 and adapters by using primers 
described in the Nextera XT indexing kit (Illumina) which targets the overhang described above. Mastermix 
used for the second PCR was 12 µl AccuPrime SuperMix II (Invitrogen), 2 µl of each index primer (unique 
combination per sample), 5 µl amplicon product from first PCR and 7 µl sterile water. Thermal conditions for 
the second PCR run was 98 °C for 1 min followed by 13 cycles of 98 °C for 10 s, 55 °C for 20 s, 68 °C for 40 s and 
a final elongation of 68 °C for 5 min. The resulting amplicons were then cleaned using HighPrep PCR reagent 
(MAGBIO Genomics. Gaithersburg, USA) following Illumina preparation instructions. The cleaned amplicons 
were visualized using gel-electrophoresis. All amplicons were then, in equimolar concentrations, pooled into 
the final 16S library, spiked with 10% PhiX, and sequenced on Illumina MiSeq using the V2 reagent kit (250 bp; 
paired end). Sequences is available at Sequence Read Archive under the project accession PRJNA541177.

Processing of DNA sequences. Paired end sequences were merged with a minimum overlap of 20 bp 
using PEAR v0.9.868. Removal of primers, cutting of bases from both ends of sequences with phred quality score 
below 25 and removal of sequences shorter than 380 bp was done using cutadapt v1.9 41. Further processing 
of sequences was carried out with the UPARSE pipeline 42 using default settings as set in USEARCH version 
7.0.1090. Sequences were clustered into operational taxonomic units (OTUs) based on 97% sequence similarity 
threshold. Chimeras were removed denovo and reference based using UCHIME against the SILVA v123.1 16S 
database 43. OTUs were taxonomically classified using the RDP classifier 44 against the Greengenes reference 
database v13.8 45. Singleton OTUs were removed and 10 samples with less than 5000 sequences were discarded.

Richness (number of unique OTUs) and Shannon diversity were calculated based on a rarified OTU table 
(5000 sequence per sample) using the vegan package 46 in R 47. Differences in prokaryotic communities between 
samples were calculated using Bray–Curtis dissimilarity on a DeSeq2 normalized 48 OTU-table and eventually 
visualized using NMDS.

Statistics. We used one-way ANOVA with repeated measurements to test for differences in soil pH, CEC 
and exchangeable cations in the different soil depths in each of the three ash treatments. Sphericity and normal 
distribution of data was tested using Mauchly’s and Shapiro–Wilk tests,  respectively33.

We used three-way ANOVA to test for significant differences in richness and Shannon diversity using ash con-
centration, time and soil depths as independent variables. Input data for the two- and three-way ANOVAs were 
tested for homogeneity of variance and normal distribution using Levene’s and Shapiro–Wilk tests, respectively.

Within each soil depth, differential abundance of prokaryotic taxa were tested using Kruskal–Wallis analysis 
with the interaction between ash concentration and time as the explanatory parameter. This was done at taxo-
nomic ranks from phylum to genus. Kruskal–Wallis test was applied because the OTU data was not normally 
distributed. Benjamini–Hochberg procedure was used for false discovery rate adjustments.

Correlations of soil pH and CEC to NMDS projections of community dissimilarities were performed with 
the R package vegan 46 using the function Envfit with Benjamini–Hochberg p-value adjustment. Furthermore, 
the explanatory strength of pH, CEC and exchangeable cations on the observed community dissimilarities 
were evaluated using the function Adonis, which performs permutational analysis of variance (PERMANOVA; 
10,000 permutations) with Bray–Curtis dissimilarities as response variable. We used a forward selection strategy 
to ensure that only explanatory variables with significant p-values were included in the Adonis models. Envfit 
and Adonis tests were performed for each soil depth separately. Adonis testing was also used to assess whether 
applied wood ash doses and time after wood ash application significantly could explain the observed variation 
in Bray–Curtis dissimilarities between samples.

Statistical analyses were regarded significant and trending at p < 0.05 and 0.05 < p < 0.1, respectively.
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