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A B S T R A C T   

A globally increased demand for fuels and environmental concerns regarding fossil sources call for sustainable 
alternatives. Fast pyrolysis is a promising approach for converting different types of biomass to renewable Fast 
Pyrolysis Bio-Oil (FPBO) that can be used for heating, power generation and mobility. Side-products emerging 
from the process include low calorific gases and charcoal. Both are further combusted to generate energy for the 
process. From the charcoal, the process leaves behind fly ashes (FAs) that contain macro- and micronutrients. In 
this regard, FPBO-FAs might present valuable soil fertilizers, but also bear the risk of soil heavy metal (HM) 
contamination. In this study, the risk and potential benefit of FPBO-FAs derived from three different biomass 
sources (bark, forest residue and Miscanthus sp.) as soil amendments was tested. Twice, in autumn 2017 and 
2018, FPBO-FAs were applied to the field (500 kg ash ha− 1 y− 1) in a grassland experiment. Neither physico- 
chemical and microbiological soil properties nor plant yield were affected following FPBO-FAs application. 
Seasonal differences and changes from year to year, however, were evident, both for some soil and plant 
properties. The lack of effects on (i) plant yield, (ii) soil microbiological and physicochemical properties, (iii) 
heavy metal concentrations in soil and plant suggest that the product may safely be applied. The fact that these 
field-trial results are in discordance with previous greenhouse trials suggest, however, that long-term trials would 
be needed.   

1. Introduction 

A major share of liquid fuels that are nowadays being used for 
mobility and domestic heating are based on fossil resources. Following 
the European Union (EU) energy targets that should be changed and 
fuels produced from biomass could become part of the solution (EU 
Directive, 2018/2001, 2018). Fast pyrolysis has been considered a 
promising approach for the production of renewable Fast Pyrolysis 
Bio-Oil (FPBO) from different types of biomass including agricultural 
and forest residues, as well as municipal wastes (Krutof and Hawboldt, 
2018; Bridgwater, 2012). The use of FPBO can help to achieve the Eu-
ropean goals in the liquid fuel sector by substituting conventional diesel 
in the mobility, power generation and heating sectors (Lehto et al., 
2014; Van de Beld et al., 2013; Bridgwater, 2012). 

FPBO is produced by pyrolysing organic material at temperatures 

between 400 ◦C - 600 ◦C (Leijenhorst et al., 2016). By-products of this 
process include fuel gases and solid char, whose production rate depends 
on the type of feeding material and process conditions. These 
by-products are usually combusted to generate energy required in the 
process, leaving behind biomass ash, the so-called FPBO-fly ash 
(FPBO-FA). The FPBO-FA should be properly managed to assure sus-
tainability of FPBO technology (Zhong et al., 2010). 

Biomass ashes have been proposed for various applications, e.g. as 
additives for composting (Fernández-Delgado Juárez et al., 2015; Insam 
and Knapp, 2011; Bougnom et al., 2010), as soil conditioners (Schie-
menz et al., 2011; Schiemenz and Eichler-Löbermann, 2010) or for 
biogas purification (Fernández-Delgado Juárez et al., 2018). When used 
in agriculture, biomass ashes serve as a valuable source for macro- and 
micronutrients such as calcium (Ca), potassium (K), magnesium (Mg), 
phosphorus (P), copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn) 
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(Fernández-Delgado Juárez et al., 2020; Skousen et al., 2013; Basu et al., 
2009). Although carbon (C) and nitrogen (N) are lost during the com-
bustion of the biomass, their deficit in the ashes can be alleviated by 
combining them with organic materials (i.e., compost or cattle slurry) or 
mineral fertilizers (Fernández-Delgado Juárez et al., 2020; Ibeto et al., 
2020; Schönegger et al., 2018; Knapp and Insam, 2011). In addition, a 
valuable asset of biomass ashes is their potential for binding atmo-
spheric CO2 and form stable carbonates that contribute to C sequestra-
tion to soil (López et al., 2018). 

Nonetheless, the potential of biomass ashes for increasing soil 
nutrient content has often been disregarded and ashes are frequently 
landfilled or used in the cement industry (Pettersson et al., 2020; Walter 
et al., 2016). However, Maresca et al. (2017), Tchounwou et al. (2012) 
and Wey et al. (1998) have reported that biomass FAs show high levels 
of heavy metals (HM), silicones and alkali metals, hence FA bears a risk 
of polluting soils and plants. However, the potential risk depends on the 
FAs’ initial properties (e.g. original biomass and the entire process chain 
from the waste to the ash) and the form of application (e.g. incorpora-
tion into the soil or surface application) (Lanzerstorfer, 2017, 2019; 
Chen et al., 2016; Li et al., 2012; Vassilev et al., 2010; Werkelin et al., 
2005). 

In this study, three types of FPBO-FAs, originating from three 
different biomass sources (bark, forest residues and Miscanthus) were 
analyzed. Due to the different origins of the biomass differences in their 
effects on the soil properties are to be expected (Maresca et al., 2017). 
Wastes rich in bark are usually enriched in Ca, K, Mg, P, sulfur (S) and 
Mn compared to those with a higher wood fraction (Vassilev et al., 2010; 
Werkelin et al., 2005). Fly ashes produced from Miscanthus have been 
shown to contain considerably lower amounts of HMs than wood ashes, 
while biomass ashes from Miscanthus and wood were comparable in 
terms of HM contents (Lanzerstorfer, 2017, 2019). The HM contents of 
biomass ashes, however, not only depend on the source of biomass but 
also on its pretreatment. Abrasion of the metallic tools used for biomass 
pretreatment releases ions that can contribute to the HM content in 
biomass ash (Chen et al., 2016; Li et al., 2012) and potentially also that 
of FAs. This can be a concern when considering the application of 
biomass ashes to soils, however, Maresca et al. (2017), showed that the 
release of HMs from the ash matrices can be estimated at levels similar to 
atmospheric deposition. 

Previous studies investigated the effects of FPBO-FA application to 
soils in greenhouse trials and/or in acidic soils leading to positive effects 
both on plants and soil (Fernández-Delgado Juárez et al., 2020; 
Schönegger et al., 2018). In acidic soils, the buffering capacity of ashes 
can stabilize and neutralize soil pH. In addition to their effects on soil 
pH, biomass ashes contain numerous micro- and macronutrients that 
can have positive effects in soil and plant growth While there was a 
beneficial effect of the FPBO-FAs studied here in acidic soils (Schönegger 
et al., 2018), their effect on neutral soils has not been tested yet. It is 
possible that a beneficial pH effect might mask possible negative effects 
of ash application in terms of toxic compounds, especially HM contents. 
Therefore, the aim of the present study was to investigate the amend-
ment effects of FPBO-FAs on soil properties and plant yield in a two-year 
field trial on a grassland experimental site with neutral pH. We evalu-
ated the effect of FPBO-FAs from bark, forest residues and Miscanthus on 
the hay yield and its composition, as well as on the soil physico-chemical 
and microbiological properties including microbial biomass (Cmic), basal 
respiration (BR) and metabolic quotient (qCO2). The latter are 
commonly used as indicators of soil fertility and microbial efficiency, as 
they respond sensibly to changes in soil management (Schloter et al., 
2018; Fernández-Delgado Juárez et al., 2013; Anderson and Domsch, 
1993; Insam et al., 1989). We hypothesized that the addition of 
FPBO-FAs would have no negative effect on the soil microbial biomass 
and microbial activity and will not decrease the nutrient status of the soil 
and the plant yields. 

2. Material and methods 

2.1. Experimental design and soil sampling 

The field trial was set up at the Research Farm Imst (47◦13′18.9"N 
10◦44′31.3"E; 715 m above sea level). This experimental area had 
formerly been used for hay production in a medium-intensive manner. 
The soil is classified as a Eutric Fluvisol (IUSS Working Group WRB, 
2015). Table 1 shows the physico-chemical properties of the FPBO-FAs 
and the soil used in this study. 

According to the Austrian guidelines for fertilization (BMLRT, 2010), 
the soil received a basic fertilization with cattle slurry using a dose 
equivalent to 180 kg N ha− 1 y− 1. The experimental field covered an area 
of 160 m2, subdivided into 4 × 4 plots of 2 m × 5 m (Fig. 1). The 
FPBO-FAs obtained from the different feedstocks were applied onto the 
soil following a randomized block design, with four replicates each. A 
control without FA amendment was also included. The plots were 
amended with 500 kg ash ha− 1 y− 1 based on the Austrian guidelines for 
biomass application (BLMFUW, 2011) in October 2017 and 2018, 
respectively. 

In order to analyze the effect of amending grassland soil with the 
different FPBO-FA types, topsoil (0–10 cm) was sampled prior to FA 
application (October 2017), prior to the onset of the growth periods 
(April 2018 and 2019) and at the end of the growth periods (October 
2018 and 2019). At each sampling time 20 random sub-samples were 
collected per plot with a Pürkhauer auger (2 cm diameter) and then 
bulked, yielding an approximate amount of 1 kg of soil. Samples were 
then sieved (<2 mm) and stored at 4 ◦C for a maximum of two weeks, or 
at − 20 ◦C when analyses were done at a later time. 

Table 1 
Characteristics of the ashes and the soil used in the trial (mean ± standard de-
viation; n = 3). Nutrient values are given on a dry weight basis.  

Properties Bark Forest 
residues 

Miscanthus Soil Austrian max. 
allowance for HM 
in ashes for agri- 
culture (BLMFUW, 
2011) 

DM (%) 100.0 
± 0.07 

100.2 ±
0.10 

100.8 ±
0.28 

80.2 
±

0.50 

n.a. 

pH 12.0 ±
0.01 

12.8 ±
0.04 

11.5 ±
0.06 

7.6 ±
0.04 

n.a. 

EC (mS 
cm− 1) 

0.6 ±
0.02 

4.8 ±
0.25 

1.4 ± 0.06 45 ±
2.1a 

n.a. 

Ca (g 
kg− 1) 

43 ±
1.4 

240 ±
11.5 

20 ± 3.07 n.d. n.a. 

K (g kg− 1) 212.0 
± 0.77 

61 ± 3.4 49 ± 7.4 n.d. n.a. 

Mg (g 
kg− 1) 

3.14 ±
0.063 

17.2 ±
0.37 

3.77 ±
0.084 

n.d. n.a. 

P (g kg− 1) 1.80 ±
0.064 

19.2 ±
0.66 

2.68 ±
0.082 

0.126 n.a. 

Zn (mg 
kg− 1) 

240 ±
3.4 

1168 ±
28 

137 ± 2.8 0.025 1500 

As (mg 
kg− 1) 

<1.2 <1.2 <1.2 n.d. 20 

Ni (mg 
kg− 1) 

317 ±
11 

385 ±
6.6 

80 ± 0.4 n.d. 100 

Cd (mg 
kg− 1) 

2.5 ±
0.16 

3.2 ±
0.10 

1.8 ± 0.09 n.d. 8 

Cr (mg 
kg− 1) 

570 ±
29 

730 ± 22 150 ± 10 n.d. 250 

Cu (mg 
kg− 1) 

34 ±
2.8 

55.0 ±
0.94 

29.0 ±
0.05 

10.8 250 

Pb (mg 
kg− 1) 

19 ±
0.6 

25 ± 1.3 15 ± 1.4 n.d. 100 

DM = dry matter; EC = electrical conductivity; n.d. not determined. 
n.a. = not applicable. 

a Unit is μS cm− 1. 

F.R. Kurzemann et al.                                                                                                                                                                                                                          



Journal of Environmental Management 298 (2021) 113479

3

2.2. Hay yield and nutritional properties 

Plant yield was monitored during the growth periods of 2018 and 
2019. The floristic composition was assessed visually as percentage of 
grasses, herbs and legumes, immediately before harvesting. Afterwards, 
plant biomass was harvested and quantified separately for each plot. 
Edge effects were avoided by omitting the side-strips (20 cm). Based on 
weather conditions, three and two clippings were made in 2018 (May, 
July and October) and 2019 (May and October), respectively. Plant dry 
matter was determined from 500 g representative samples from each 
plot. Plant raw protein, fiber, water, ash and HM contents were deter-
mined according to EU standard methods (EU, 2009). 

2.3. Soil physico-chemical properties 

The electrical conductivity (EC) and pH of the soil were measured 
with a conductivity meter (LF 330, WTW, Weilheim, Germany) and a 
pH/mV Pocket Meter 340i (WTW, Weilheim, Germany) in 0.01 M CaCl2 
(1:5 w/v) and distilled water (ÖNORM L1083L1083, 1989), respec-
tively. Dry matter (DM) was determined according to Öhlinger (1996a, 
1996b). Total C (Ctot) and total N (Ntot) were measured with a CN 
Analyzer (LECO TrueSpec CHN, Michigan, USA) from oven-dried sam-
ples. Volatile solids (VS) were measured through weight loss after 
ignition in a muffle furnace for 5 h at 550 ◦C (Carbolite CWF 1000, 
Lilienthal, Germany). Dissolved organic carbon (DOC) was measured by 
analyzing distilled water extracts (10 g of soil in 40 mL water) obtained 
after shaking at 150 rpm for 30 min in a TOC-L analyzer (Shimadzu Co, 
Japan). Ammonium (NH4

+) content and N-mineralization potential 
(ammonification) under waterlogged conditions were tested according 
to Kandeler (1996a, 1996b). The amount of nitrate (NO3

− ) and the 
potential nitrification rate were determined according to Kandeler 
(1996c, 1996d). Total phosphorus (Ptot) and plant available phosphorus 
(Pav) were measured based on Illmer (1996). The HM content was 
determined after HNO3 digestion according to ÖNORM EN 16170 
(2017) for the soil samples collected at the end of the trial (October 
2019). 

2.4. Microbial biomass, basal respiration and metabolic quotient 

Basal respiration (BR) and substrate-induced respiration (SIR) were 
determined using an EGA61-Soil Respiration Device (ADC BioScientific, 
Hoddesdon, UK). Soil was thawed at 4 ◦C for 24 h, adjusted to a moisture 
corresponding to approximately 60% of its water holding capacity and 

then equilibrated at room temperature (22 ◦C) for 24 h. Afterwards, 70 g 
(wet weight) of soil were filled into the test tubes and CO2-production 
was measured for 16 h for BR calculations. Microbial biomass carbon 
(Cmic) was determined by substrate-induced respiration (SIR) after the 
addition of 1% glucose (dry matter) to the samples and measuring CO2 
production for 8 h (Anderson and Domsch, 1978). From BR and Cmic the 
metabolic quotient (qCO2) (qCO2, μg CO2–C g− 1 Cmic h− 1) was calcu-
lated (Insam and Haselwandter, 1989). 

2.5. Statistical analyses 

Statistical data analysis and visualization was performed with R (R 
Development Core Team, 2013) and Microsoft Excel. Univariate differ-
ences between sample groups were investigated using Kruskal test. In 
order to test which sample groups differed significantly, Dunn posthoc 
analyses were performed. The resulting p-values were corrected using 
Bonferroni-Holm correction. Corrected p-values < 0.05 were considered 
significant among sample groups. Principal component analysis (PCA) 
was used to compare the soil properties among the sample groups. By 
definition, some soil variables were highly correlated (such as moisture 
and VS). Therefore, the PCA was based on the selected variables VS, pH 
(H2O), EC, ammonium, nitrate, C, ammonification, potential nitrifica-
tion, BR, Cmic and qCO2. 

3. Results 

Prior to FPBO-FA addition in 2017, the soil chemical status of all 
plots was assessed and they were found to be similar. 

3.1. Hay yield and properties 

Throughout the experiment, treatment effects were neither found for 
the hay yield nor the floristic composition (Fig. 2a and b). 

None of the measured hay properties differed among the treatments 
regarding the different clippings (Tab. A1). A significant decrease was 
seen for some HM. Chromium (Cr) showed a reduction close to 90% (p 
< 0.000213), nickel (Ni) and Cu close to 60% (p < 0.000213 for Ni and 
Cu), and Zn and arsenic (As) contents were reduced by approximately 
30% (p < 0.000213 and p < 0.000286, respectively), and those of 
cadmium (Cd) by 50% (p < 0.001529). A decrease of Zn could be 
detected in samples treated with bark FPBO-FA (14 mg kg− 1 instead of 
11 mg kg− 1, respectively) compared to the decrease in control plots. For 
several of the measured HM in hay a decrease from 2018 to 2019 was 
found (Table 2). 

3.2. Soil physico-chemical properties 

In order to assess the effects of sampling time (season and year) and 
treatment, a principal component analysis was performed. In general, 
the properties of the soil samples were affected by both season and year 
(Fig. 3). The variables EC, NO3

− , NH4
+, potential nitrification and N 

mineralization contributed the most to the seasonal and annual differ-
entiation (Fig. 3). Treatment, however, did not affect the soil physico-
chemical properties. No interaction of sampling time (season and year) 
and treatment was found (Permanova, R2 = 11%, p = 0.444). 

Significant differences of individual soil physicochemical properties 
were observed between the samples collected in spring and autumn and 
between those collected in 2018 and 2019 (Tab. A2; p-values in Tab. 
A3). In line with the PCA analysis, significant differences were found for 
EC, NH4

+, NO3
− and DOC between 2018 and 2019 for all of the treat-

ments, including control (Tab. A2). From 75 to 65 μS cm− 1 in 2018 the 
EC decreased to 45–43 μS cm− 1 in 2019. A similar trend was observed 
for the DOC that decreased by 50% from 2018 to 2019 for all of the 
treatments (Tab. A2). In contrast, the NH4

+ and NO3
− contents signifi-

cantly increased from 2018 to 2019 (Tab. A2). Nitrate almost doubled 
for all treatments and reached values of 5.7–6.7 μg N–NH4

+ g DM− 1 in 

Fig. 1. Location of the town of Imst (a; b) and layout of the experimental site 
(c) illustrating the different treatments: 1 = control; 2 = bark; 3 = Miscanthus; 4 
= forest residues. 
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2019, while NH4
+ increased by 50–90% from 2018 to 2019. The soil pH 

did not show any significant differences comparing control plots and 
plots amended with FPBO-FAs (Tab. A2). 

Considering the individual sampling times from a univariate point of 
view on soil properties, there were no significant differences among the 
FPBO-FAs treatments. Furthermore, no significant differences were 
observed relative to the control treatment, when considering all the 
sampling times after the first addition of the FAs (Tab. A2). The only 
exception was ammonification (N-mineralization) that increased from 
9.78 ± 0.90 to 12.89 ± 1.40 μg N–NH4

+ g DM− 1 7 day− 1 in those plots 
amended with forest residues-FAs compared to the control ones for the 
spring but not for the autumn sample (data not shown). 

The HM content in the soils did not differ among FPBO-FA treatments 
and with regard to the control (Table 3). The only exception was Mn for 
which the content was significantly higher (0.01 mg kg− 1) in those 
samples treated with FPBO-FAs from forest residues compared to those 
amended with bark. 

3.3. Microbial biomass, basal respiration and metabolic quotient 

Neither the time of sampling nor the FPBO-FAs treatments affected 
the soil microbiological properties (Fig. 4, p-values in Tab. A3). 

4. Discussion 

Despite their potential benefit, the agricultural use of waste products 
raises concerns about negative effects, for example regarding the accu-
mulation of HMs and their detrimental effects on soil life and plant 
vigor. For this reason, the effects of FPBO-FAs from different biomass 
sources on plant and soil properties were tested. 

The evaluation of hay yield, its properties and the floristic compo-
sition did not indicate any negative effects derived from the use of FPBO- 
FAs as soil amendment since no significant differences were observed 
compared to the control. In the present field experiment, the plant 
growth was inhibited by the extraordinarily dry conditions during the 2- 
year period (ZAMG, 2020). High temperatures and drought reduced 
plant growth and probably the nutrient and HM uptake compared to 
other years (Baque et al., 2006; Pugnaire et al., 1999; Shone and Flood, 
1983). Compared to the period from April to August 2016 and 2017, 
precipitation in 2018 and 2019 was reduced by 27% (ZAMG, 2020). The 
lack of response to the nutrient supply with the FPBO-FAs may thus be 
partially attributed to water limitation. Vice versa, it is worth noticing 
that the low water availability was not further aggravated by the 
amendment of the ashes. 

The HM concentrations in the soil remained below European 
thresholds (Tóth et al., 2016). However, comparing the HM concentra-
tions in the FPBO-FAs to the maximum allowed values in agriculture in 

Fig. 2. (a) Overview of the floristic composition for the different treatments. Values are averaged for all of the clippings. (b) Hay yield (kg DW ha− 1) for the different 
clippings (mean ± SD; n = 4). 

Table 2 
Overview of the properties of hay grown on soil that has been treated with the different types of FPBO-FAs, results for the cropping periods of 2018 and 2019 (Mass-% 
= mass percentage; b.d.l. = below detection limit (0.007 mg kg− 1 for Hg), mean of the three (2018) and two (2019) clippings ± SD).  

Parameter Unit Control Bark Forest residue Miscanthus Control Bark Forest residue Miscanthus 

2018 2019 

Water content Mass-% 9.10 ± 0.22 9.07 ± 0.24 9.13 ± 0.40 9.20 ± 0.29 7.60 ± 0.20 7.65 ± 0.55 8.0 ± 0.2 8.65 ± 0.25 
Raw protein Mass-% 11.6 ± 0.48 11.7 ± 0.77 11.8 ± 0.43 11.5 ± 0.54 10.4 ± 0.5 9.50 ± 0.70 10.6 ± 0.05 10.2 ± 0.50 
Raw fat Mass-% 2.40 ± 0.29 2.53 ± 0.38 2.50 ± 0.42 2.63 ± 0.38 2.85 ± 0.45 2.65 ± 0.25 2.85 ± 0.55 2.65 ± 0.55 
Raw ash Mass-% 8.47 ± 0.90 9.00 ± 1.02 8.97 ± 1.01 9.23 ± 0.98 8.75 ± 0.05 8.20 ± 0.60 8.25 ± 0.45 8.20 ± 0.50 
Raw fiber Mass-% 24.1 ± 0.68 23.5 ± 0.50 23.7 ± 0.49 24.4 ± 0.47 24.1 ± 4.65 25.1 ± 4.10 24.8 ± 3.90 24.5 ± 3.50 
Cr mg kg− 1 4.97 ± 0.92 5.71 ± 1.34 5.79 ± 1.36 5.47 ± 1.25 0.41 ± 0.18 0.33 ± 0.08 0.29 ± 0.06 0.35 ± 0.08 
Mn mg kg− 1 28.0 ± 5.47 33.9 ± 5.84 31.7 ± 5.73 37.0 ± 9.35 30.2 ± 2.80 31.2 ± 0.00 28.1 ± 1.75 35.2 ± 0.00 
Ni mg kg− 1 2.52 ± 0.20 3.52 ± 0.64 3.46 ± 0.64 3.31 ± 0.64 0.78 ± 0.16 0.69 ± 0.06 0.62 ± 0.08 0.75 ± 0.13 
Cu mg kg− 1 10.2 ± 2.24 10.4 ± 1.52 10.2 ± 1.54 9.00 ± 1.76 4.32 ± 0.45 3.77 ± 0.50 3.86 ± 0.43 3.78 ± 0.45 
Zn mg kg− 1 27.8 ± 2.03 29.4 ± 1.58 25.5 ± 0.64 25.1 ± 3.51 16.9 ± 1.10 15.4 ± 0.55 15.1 ± 0.50 16.6 ± 0.30 
As mg kg− 1 0.10 ± 0.04 0.08 ± 0.02 0.08 ± 0.02 0.07 ± 0.01 0.05 ± 0.00 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 
Cd mg kg− 1 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 
Hg mg kg− 1 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 b.d.l. b.d.l. b.d.l. 0.01 ± 0.00 
Pb mg kg− 1 0.11 ± 0.01 0.13 ± 0.03 0.11 ± 0.02 0.10 ± 0.01 0.12 ± 0.00 0.1 ± 0.0 0.1 ± 0.0 0.11 ± 0.40  
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Austria (BLMFUW, 2011), only ashes from Miscanthus could be appli-
cable as amendment. The ashes from bark or forest residues exceed the 
legal limits of Cr and Ni. Biomass ashes in Austria can also be used as 
additve in compost (Kompostverordnung, 2001), however the concen-
trations of Cr and Ni in bark and forest residue FPBO-FA also exceed 
these limits. Only FPBO-FA from Miscanthus comply with the legal levels 
to be used as composts amendements. 

Nonetheless, these high amounts of Cr and Ni neither negatively 
influenced plant growth nor properties, and the HM concentrations in 
the hay remained below European thresholds (Directive, 2002/32/EC, 
2002). Moreover, for some elements a decline, in case of Cr by 90%, was 
observed from 2018 to 2019 (section 3.1.). The uptake of HMs by plants 
depends on factors such as pH, soil texture, plant species, humus and 

macronutrient content, among others (Tangahu et al., 2011). The 
decrease of HMs in the hay is attributed to the drought during the 
growth period (ZAMG, 2020) since evaporation from plant leaves is the 
main driver for nutrient or HM uptake (Tangahu et al., 2011). As there 
were differences in rainfall comparing 2018 and 2019 throughout the 
growing season this could be a reason for the decreased amount of HMs 
in the hay. Despite of this, the presence of HMs could still bear a risk if 
FPBO-FAs application was prolonged or the respective ash doses were 
increased. Maresca et al. (2019) showed that ash hardening reduced the 
leaching of Pb and Zn. However, processes involving biomass ash sta-
bilization or granulation can also reduce the total bioavailability of 
nutrients like Ca, K, Mg, and S which can diminish the potential effect of 
FAs (Pesonen et al., 2017). 

As for hay, no significant differences in soil physico-chemical prop-
erties were observed following the FPBO-FA treatment. However, dif-
ferences among samples taken in spring or autumn or in 2018 and 2019 
were found, respectively (Tab. A2). 

The decrease in EC and DOC contents in soil from 2018 to 2019 may 
be attributed to the slightly higher precipitation in 2019 (ZAMG, 2020) 
and subsequent leaching of salts and DOC from the soil. A decrease of EC 
is desirable as it indicates a lower salt content in the soil, which can 
positively influence plant growth, especially in combination with a 
neutral pH (Smith and Doran, 1996). The DOC influences soil processes, 
e.g. denitrification, nutrient cycling and immobilization of HM (Zech 
et al., 1997). The reduction of DOC from 2018 to 2019 was pronounced 
in all of the plots including the controls, and regardless of the type of 
FPBO-FA amendment. On the other hand, an increase of NO3

− and NH4
+

content was detected from 2018 to 2019 for all of the FPBO-FA treat-
ments and control, indicating a change in N-turnover. Nonetheless, the 
amount of total N in the soil did not change, probably due to the 
enhanced rainfall in 2019. This could have enhanced N uptake by the 
plants or leaching losses. In contrast to some seasonal effects on 
physico-chemical parameters, we did not detect such effects on micro-
biological parameters (Fig. 4). A possible explanation could be a shift in 
the microbial community. If the abundance of N-fixing, nitrifying and 
denitrifying bacteria has increased from 2018 to 2019, while displacing 
other microorganisms, this could lead to a decrease of total N and an 
increase of NO3

− and NH4
+ in the soil. These results indicate that sea-

sonality had a greater effect than the treatments and thus emphasize the 

Fig. 3. Principal component analysis (PCA) of the soil physicochemical properties for the different treatments and sampling periods.  

Table 3 
Heavy metal (HM) content of the soil treated with the different types of FPBO- 
FAs and the untreated control (dry weight basis, mean ± SD; n = 4). For Mn, 
same uppercase letters indicate not significant differences (p ≤ 0.05).   

Control Bark Forest 
residues 

Miscanthus Lower guideline 
value for soil (Tóth 
et al., 2016) 

As (mg 
kg− 1) 

11.2 ±
0.7 

11.3 ±
0.2 

11.4 ±
0.3 

11.3 ± 0.7 50 

Pb (mg 
kg− 1) 

20.0 ±
1.2 

20.1 ±
1.2 

21.0 ±
0.8 

20.7 ± 1.6 200 

Cd (mg 
kg− 1) 

0.35 ±
0.05 

0.38 ±
0.04 

0.4 ±
0.00 

0.33 ±
0.04 

10 

Cr (mg 
kg− 1) 

34.7 ±
1.3 

36.2 ±
1.3 

35.1 ±
1.4 

34.9 ± 2.1 200 

Cu (mg 
kg− 1) 

27.3 ±
2.1 

27.3 ±
1.4 

28.2 ±
1.3 

27.8 ± 1.9 150 

Ni (mg 
kg− 1) 

32.1 ±
0.7 

32.1 ±
0.6 

32.4 ±
0.5 

32.3 ± 0.5 100 

Hg (mg 
kg− 1) 

0.24 ±
0.05 

0.25 ±
0.05 

0.27 ±
0.04 

0.26 ±
0.05 

2 

Zn (mg 
kg− 1) 

76.5 ±
1.8 

77.3 ±
2.1 

81.2 ±
2.1 

79.2 ± 2.4 250 

Mn 
(mg 
kg− 1) 

0.40 ±
0.01ab 

0.39 ±
0.01a 

0.41 ±
0.01b 

0.39 ±
0.01a 

n.a. 

n.a. = not applicable. 
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lack of FPBO-effects, both positive or negative. 
The absence of effects on Cmic and BR might be a result of cattle 

slurry providing sufficient basic C and N for soil microbial activity, and 
none of the nutrients supplied by FPBO-FAs was a minimum factor. 
Apparently, due to a lack of fertilization effect by the FPBO-FAs, also no 
indirect effects through enhanced plant growth were observed. These 
findings corroborate those by Fernández-Delgado Juárez et al. (2020) 
and Insam et al. (2009) in greenhouse-trials, as well as those by Gar-
cía-Sánchez et al. (2015) who used, however, a different type of FAs. In a 
short-term field study, Bougnom et al. (2012) also did not find signifi-
cant effects of ash application on soil microbial properties like Cmic or 
the microbial community composition. 

Concerning the plant yield, our findings are in line with those from 
Fernández-Delgado Juárez et al. (2020). However, Schönegger et al. 
(2018) found an increase in plant biomass after 100 d of FPBO-FA 
application under greenhouse conditions in acidic soil. Regarding soil 
physicochemical properties, our findings disagree with those by 
Fernández-Delgado Juárez et al. (2020) and Schönegger et al. (2018). 
These studies showed an increase in EC, P content, NO3

− , pH and C/N 
ratio in soils receiving FPBO-FAs compared to unfertilized controls. As 
previously stated by Reed et al. (2017), these discrepancies could be 
ascribed to differences in both the experimental set up (greenhouse vs. 
field trial) and/or the way of ash application. Fernández-Delgado Juárez 
et al. (2020) and Schönegger et al. (2018) mixed the soils homoge-
neously with FPBO-FAs so the nutrients could be taken up by the plants 
right after the beginning of the trial, while our surface application of 
ashes may have delayed the effect. However mixing ash and soil might 
also lead to accelerated organic matter mineralization or inorganic N 
loss via leaching (Fernández-Delgado Juárez et al., 2020; Hansen et al., 
2016; Huotari et al., 2015). While in the present study a pH-neutral soil 
was used, in the studies mentioned above, acidic soil had been used. 
Biomass ash application is indeed recommended for acidic soils. In these 
soils, however, potential negative effects of toxic compounds, such as 
HMs, might be masked by pH-beneficial effects. Some previous studies, 
however, have also shown positive effects in agricultural soils with a pH 
close to neutral or higher, such as an increase in soil enzymatic activities 
(Perucci et al., 2006, 2008). Here, FPBO-FA application did not influ-
ence soil pH, as the pH was already slightly above neutral. Our results 
also indicated that despite HM concentrations of the FPBO-FAs 
exceeding legal guidelines, no negative effects on plant growth and 
soil properties were observed. Bearing all these factors in mind, studies 
on different application modes and especially long-term studies are 
advisable in order to monitor the stabilizing and possible negative ef-
fects of ash application on soil and plant. Furthermore, studies observing 
the effects of FPBO-FA application on soil microbial community are 
advised to detect possible effects on nutrient cycles. 

5. Conclusion 

The lack of differences between the FPBO-FA and the control from 
physicochemical and microbiological perspectives provides evidence 
that FPBO-FAs may be used as a soil amendment as long as they comply 
with the regulations on heavy metal contents of the biomass input ma-
terial and the applied loads. Our hypothesis concerning non-negative 
influences of FPBO-FAs on soil nutrients and hay yields was 
confirmed, despite the FPBO-FAs were applied on soils with a neutral 
pH. Based on our results, we conclude that FPBO-FA amendment is not 
necessarily harmful to soils even if the initial pH is neutral, although it 
does not improve plant yield under the given conditions of a fertile soil. 
For acidic soils with nutrient deficiencies, however, FPBO-FA applica-
tion could prove beneficial. Therefore, long-term studies with different 
crops and different soils are encouraged to determine situations where 
the full potential of FPBO-FAs could be further supported. 
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