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Abstract
Hydrochar (HC), produced by hydrothermal carbonization, offers technical advantages over biochar (BC) produced by 
pyrolysis, and is suitable for soil amelioration, carbon sequestration, and enhanced plant growth. BC grain size has been 
shown to influence nutrient retention, microbial colonization and aggregate formation; however, similar research for HC is 
lacking. Pot trials were conducted to investigate the influence of HC grain size [coarse (6.3–2 mm), medium (2–0.63 mm) 
and fine (< 0.63 mm)], produced from biogas digestate, for soil improvement in three soils: loamy Chernozem, sandy Pod-
zol, and clayey Gleysol, at a 5% HC application rate (w/w). All soils including two controls (with and without plants) were 
analysed for water holding capacity (WHC), cation exchange capacity (CEC), wet aggregate stability, pH, plant available 
nutrients  (PO4–P, K and  Nmin) and germination and biomass success using standard laboratory and statistical methods. Soil 
pH showed a compensatory shift toward the HC pH (7.2) in all soils over the course of the study. For example, the pH of 
the medium grained HC treatment for the Chernozem decreased from 7.9 to 7.2 and increased in the Podzol and Gleysol 
from 5.9 to 6.1 and 4.9 to 5.5, respectively. The nutrient-rich HC (2034 ± 38.3 mg kg−1  PO4–P and 2612.5 ± 268.7 mg kg−1 
K content) provided only a short-term supply of nutrients, due to the relatively easily mineralized fraction of HC, which 
allowed for quick nutrient release. The pH and  PO4–P effects were most pronounced in the fine grained HC treatments, with 
a ~ 87%, ~ 308% and ~ 2500% increase in  PO4–P content in the Chernozem, Podzol and Gleysol, respectively, compared to 
the controls at the beginning of the study. The same trend was observed for the K and  NH4

+ content in the fine and medium 
grained HC treatments in all soils. No seed germination inhibition of Chinese cabbage was observed, with average germina-
tion rates > 50% in all soils. An effect on  NO3

− content was indeterminable, while there was little to no effect on biomass 
production, WHC, CEC and aggregate stability. In conclusion, the application of 5% fine grained HC significantly influenced 
the nutrient content over a short-term. However, the application rate was insufficient to substantially improve plant growth, 
nor to sustain a longer-term nutrients supply, regardless of grain size.
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1 Introduction

Intensified agricultural and energy production resulting from 
increasing global demands on resources such as energy, food 
and land have seen deleterious consequences for the global 
climate and soils through, inter alia, increased greenhouse 
gas (GHG) emissions and reduced soil quality. Poor agricul-
tural practices and land use changes disturb the soil organic 
carbon (SOC) pool and liberate carbon dioxide  (CO2) from 

the soil, thus contributing to the addition of GHGs into the 
atmosphere and decreasing soil quality and its resistance 
to stresses (Jones et al. 2015). A potential remedial meas-
ure to the problems of reduced soil quality may lie in the 
improvement and protection of the SOC pool through soil 
amendment.

The highly fertile Terra Preta de Indio soils of the Ama-
zon Basin attribute their high carbon (C) content to the 
deliberate addition of charcoal-like materials over thou-
sands of years by the prehistoric local inhabitants as well 
as by long-term mulching and frequent burning practices 
(Glaser et al. 2002; Lehmann and Rondon 2006; Sombroek 
et al. 1993; Steiner et al. 2009a, b; WinklerPrins 2014). The 
link between these practices and the improved soil quality 
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of these previously infertile tropical soils has conceptual-
ized the use of biochar (BC), a C-rich charcoal, as a popu-
lar soil amendment and management tool. BC is produced 
by pyrolysis which mimics the natural formation of coal, 
whereby biomass is heated at temperatures between 400 
and 850 °C under dry and oxygen (O)-limited conditions. A 
large proportion (~ 50%) of the source materials’ C content 
remains in the final product (Lehmann et al. 2006), which is 
proven to have a high resistance to microbial decomposition 
and mineralization, and thus decomposes at a much slower 
rate than that of the raw biomass from which it is produced 
(Steiner et al. 2009b).

This recalcitrance lowers the rate at which C fixed by 
photosynthesis is returned to the atmosphere, which sub-
sequently improves the aggregate stability, water holding 
capacity (WHC), and fertility of soils through the associated 
net increase in soil C stocks (Woolf et al. 2010). However, 
pyrolysis is limited in its use of dry biomasses (Libra et al. 
2011; Monlau et al. 2015), and therefore, has a substantial 
energy requirement if pre-drying of feedstocks is deemed 
necessary. Furthermore, during pyrolysis, ~ 50% of the raw 
biomass C is released back into the atmosphere, thus con-
tributing to GHG emissions (Lehmann et al. 2006). As such, 
the potential benefits of BC application for soil amendment 
are somewhat negated by the shortcomings of the production 
process. An alternative to BC by pyrolysis is hydrochar (HC) 
produced by hydrothermal carbonization (HTC).

HTC is a thermochemical conversion process capable 
of converting wet and dry feedstocks in a single, closed, 
water-saturated system under elevated pressure (≤ 20 bar) 
and lower temperatures (180–250 °C) compared to pyrolysis, 
with a residence time of ≤ 12 h. HTC produces a charcoal-
like material referred to as HC and wastewater as the end-
products (Fiori et al. 2014; Libra et al. 2011). The lower 
temperature requirement for HTC ensures that combustion 
does not occur during the conversion process, making it a 
C-neutral process. Depending on the HTC process parame-
ters, namely temperature, HC may retain as much as 60–84% 
of the raw biomass C compared to 50% for BC. A potential 
limitation of the HTC process is that this higher C con-
tent typically comes at the expense of the total mass yield, 
which decreases with increasing C content at higher process 
temperatures (Basso et al. 2013). Furthermore, the higher 
pressure requirement of HTC means that the manufacturing 
costs of the HTC equipment may be more expensive, and it 
also increases the complexity and hazard risk of the process 
(Kambo and Dutta 2015).

The mass yield of char produced by HTC is also a func-
tion of the heating rate, whereby slower heating rates cou-
pled with lower maximum temperatures and increased 
pressure result in greater mass yields (Zhang et al. 2008; 
Septien et al. 2018). The heating rate also strongly influ-
ences the pore size and specific surface area (SSA) of the 

resultant char. It has been shown that slower heating rates 
typically produce micropores and higher SSA, while faster 
rates increase the macropore content of the char (Downie 
et al. 2009; Septien et al. 2018). The consequent SSA is an 
important consideration, as it has been linked to a higher 
C mineralization due to increased availability to microor-
ganisms, especially in digestate-derived HC (Eibisch et al. 
2013).

The potential limitations of the HTC process (as men-
tioned above) are overshadowed by its ability to process wet 
feedstocks (with water contents of ≥ 70%), which broadens 
the possible biomass types that may be utilized to include 
unconventional feedstocks such as biogas digestate and 
wet animal manures (Libra et al. 2011). This advantage is 
particularly important in areas of high agricultural produc-
tion, where excessive waste is problematic. A boom in the 
establishment of biogas plants over the past 20 years (Theu-
erl et al. 2019) has resulted in an excess of the by-product, 
biogas digestate (Marchetti and Castelli 2013), which is 
commonly used as fertilizer (Garlapalli et al. 2016). Conse-
quently, the amount produced surpasses fertilizer demands, 
thus classifying it as agricultural waste. HTC of biogas 
digestate produces a solid product with a higher C content 
than the source materials, which allows for easier storage 
and transportation to areas where fertilization is required 
(Kambo and Dutta 2015; Eskandari et al. 2019).

Pyrolysis and HTC process conditions and source mate-
rials influence the characteristics of the final product, and 
consequently its recalcitrance and efficiency as a soil amend-
ment tool. These determinant parameters (e.g. feedstock type 
and process conditions) for the intended application of BC 
can be manipulated to design a product with specific char-
acteristics, i.e. structure and size. The application of BC to 
soils has shown to improve the properties of the soils by 
increasing the WHC and cation exchange capacity (CEC), 
with improved nutrient dynamics and microbial activity, 
which subsequently stimulates plant growth and improves 
plant health (Brodowski et al. 2005; Glaser et al. 2002; 
Hagemann et al. 2016; Liu et al. 2017; Schulz and Glaser 
2012; Verheijen et al. 2009). A meta-analysis of over 300 
studies by Biederman and Harpole (2013) found that, on 
average, the addition of BC increased above ground biomass 
production, soil phosphorous (P)-, potassium (K)- and total 
C- and nitrogen (N) content and increased the pH of acidic 
soils, regardless of soil type and climatic conditions.

The grain size of the applied BC holds implications for 
its intended effects on the soil, due to their arrangement 
within the soil particle matrix and the consequent altera-
tion of the soil pore size distribution. The size of the BC 
particles applied to soil together with the inherent porosity 
and surface area influence the bioavailability of nutrients, 
the accessibility of microbial communities to the pores for 
colonization, water storage and mobility, and the degree 
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of oxidation that takes place on the surface of the BC 
particles, which have further ramifications for aggregate 
formation and soil stability (Brodowski et al. 2005; Hage-
mann et al. 2016; Liu et al. 2017; Verheijen et al. 2009). 
The addition of small grained BC particles (< 0.5 mm) 
increases soil aggregation and water retention through a 
greater SSA, compared to larger BC particles (Blanco-
Canqui 2017; de Jesus et al. 2019; Głąb et al. 2016).

The above stated impacts on soil properties are all 
reported in studies pertaining to BC produced by pyroly-
sis. Presumably, the addition of HC would have similar 
effects, due to its similarities (namely, the high C content) 
with BC. However, HC differs from BC in its physical 
and chemical structure, which holds implications for their 
intended purposes (Busch and Glaser 2015; Libra et al. 
2011). Compared with BC, HC has a higher hydrogen 
(H)/C and O/C ratio, lower porosity and poorer surface 
area, and the surface functionalities between the chars 
differ considerably (Kambo and Dutta, 2015; Libra et al. 
2011). Such differences highlight the fact that the known 
impacts of BC cannot simply be inferred for HC as well.

In addition to the relatively limited studies of the 
impacts of HC on soil properties, its influence on plant 
growth dynamics is also an important consideration. A 
study by Bargmann et al. (2014b) showed that the addi-
tion of HC initially inhibited seed germination of barley, 
but this effect was diminished after nine weeks, likely due 
to microbial decomposition. It was suggested that this 
decomposition was indirectly facilitated by the dissolved 
organic carbon (DOC) content of the HC, which stimu-
lated microbial growth (Gronwald et al. 2015; Hao et al. 
2018). The transient nature of this effect was also evinced 
by Sun et al. (2014) and Mukherjee et al. (2016). Related 
studies by Prayogo et al. (2014) found that SOC minerali-
zation was reduced in soils amended with HC, due to the 
preferential utilization of the soluble C fraction of the HC 
by soil microbes. Contrarily, Fang et al. (2015) saw no 
significant influence on seed germination by HC addition, 
while Puccini et al. (2018) found a significant reduction in 
the germination success of lettuce using fresh- and post-
treated HC.

With regards to plant growth, Baronti et al. (2017) found 
a significant increase in the biomass production of poplar 
trees with HC addition after two consecutive years, while 
Bargmann et al. (2014b) showed no negative effects on 
spring barley at a 4% HC application rate. Furthermore, 
Schimmelpfennig et al. (2014) saw a substantial reduction 
in plant growth with the field application of HC, particularly 
in the first year of the experiment. However, HTC is a rela-
tively modern carbonization method and research regarding 
the effectiveness of HC for soil amendment and plant growth 
is disproportionate compared to BC, and such information 
remains limited.

Based on existing and available information, we therefore 
hypothesize that the addition of HC will: (a) improve soil 
properties essential to plant growth; (b) impact the soil prop-
erties differently based on the grain size of the applied HC; 
(c) initially inhibit seed germination (based on Bargmann 
et al. 2014a; Röhrdanz et al. 2019; Steiner et al. 2009b); 
and (d) enhance biomass production due to an improved 
soil quality.

The objectives of this study test these hypotheses by 
analysing the overall influence of HC application on soil 
improvement, germination success and biomass production 
as well as with respect to different HC grain sizes. Three 
soil types were studied: Chernozem, Podzol and Gleysol, 
which were selected based on their dissimilar properties. 
To the authors’ best knowledge, no existing studies focus 
on the effect of grain size of HC on soil amendment, seed 
germination and biomass production.

To achieve these objectives, the following research ques-
tions were posed:

1. Does the addition of HC improve the soil properties 
essential to plant growth, such as WHC, CEC, pH, 
aggregate stability and nutrient contents?

2. Does the grain size of the applied HC affect its influence 
on soil properties?

3. How does HC application affect seed germination and 
biomass production of Chinese cabbage?

By answering these questions, this study will substan-
tially contribute to our relatively rudimentary understanding 
of HC as a promising amendment product.

2  Materials and methods

2.1  Experimental design

The soils used in this study were collected from convention-
ally operating farms in December 2017. The sampling sites 
of the Chernozem and Podzol are under long-term arable 
use, and are located within the Hohe Börde Municipality 
in Saxony-Anhalt, Germany (52° 10′ 35″ N, 11° 30′ 42″ E), 
and the Bruchhausen-Vilsen Municipality in Lower Saxony, 
Germany (52° 48′ 35″ N, 8° 59′ 41″ E), respectively. The 
Gleysol was sampled within the Ovelgönne Municipality in 
Lower Saxony, Germany (53° 15′ 45″ N, 8° 19′ 49″ E), and 
the site is under grassland conditions. The Chernozem may 
be classified as a silty clay (particle size distribution: 16% 
sand, 43% silt, 41% clay), the Podzol a sandy loam (66% 
sand, 22% silt, 13% clay), and the Gleysol a clay (1% sand, 
6% silt, 93% clay). The samples were randomly collected 
from the upper 30 cm and were air-dried in the greenhouse 
before being ground to < 2 mm using a grinding mill.
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The HC was provided by Grenol GmbH (Meiersberg 
[Ratingen], Germany) and was produced from biogas 
digestate; carbonized at ~ 200 °C, 18–20 bar pressure, with 
a residence time at the maximum temperature of approxi-
mately 3 h and a heating and cooling time of 1.5 h each. This 
equates to a heating rate of ca. 2–3 °C per min by constant 
heating, while the cooling rate could not be specified as it 
is dependent on the ambient temperature of the surround-
ings of the batch reactor. The digestate source material was 
derived from corn, sugar beets and beef- and liquid-swine 
manure. It was not pre- or post-treated for any specification 
and was air-dried and pressed into briquettes after conver-
sion for transportation.

The HC briquettes were manually broken into smaller 
pieces using a hammer and then sieved into three grain 
size classes, namely, a coarse grained (6.3–2 mm), medium 
grained (2–0.63 mm) and fine grained (< 0.63 mm) frac-
tion. At an application rate of 5% (w/w), the HC was then 
manually homogenously mixed with the soils, before plac-
ing the mixtures into pots of ~ 13 cm diameter (ca. 1 litre [l] 
volume). A mesh material was placed over openings at the 
bottom of the pots to reduce soil loss. Seven pots for each 
HC grain size-soil mixture was used, as well as five con-
trol pots of original soil (no HC added) which were sown 
with Chinese cabbage seeds. Additional five control pots 
of original soil were kept devoid of seeds. All experiments 
were conducted in a greenhouse in a non-climate controlled 
environment.

2.1.1  Seed germination experiment

Two rounds of seed germination experiments were carried 
out to determine whether any germination inhibition effects 
may result from the addition of HC, as reported in numer-
ous studies (Bargmann et al. 2014a; Röhrdanz et al. 2019; 
Steiner et al. 2009b). The pots (except for the control devoid 
of plants for each soil) were planted with 25 Chinese cab-
bage seeds (Brassica rapa ssp. Pekinensis) and were watered 
manually based on plant requirement. Germination success 
was calculated as the percentage of germinated seeds (25 
seeds = 100%). At the conclusion of each round (ca. 3 weeks 
each) of the germination experiment, the plants were har-
vested from the pots before being sown with new seeds.

2.1.2  Plant growth experiment

Subsequent to the germination experiment, the plant growth 
experiment was conducted, which involved sowing each pot 
with four Chinese cabbage seeds. After approx. 4 weeks of 
growth, the number of plants was reduced to one per pot. 
The plants were grown for approx. 6 weeks from the start 
of the plant growth experiment, after which they were har-
vested (above ground biomass exclusively), and weighed 

before and after oven-drying at 105 °C to constant weight 
to determine the total biomass for each treatment (HC grain 
size-soil mixture) and control.

2.2  Soil analyses

Control samples were collected from each soil prior to the 
addition of HC, which are hereinafter referred to as Time 0 
(T0) samples. Samples were collected immediately after mix-
ing the HC with the soils at the beginning of the study for 
soil property analyses, which are hereinafter referred to as 
Time 1 (T1) samples. At the end of the plant growth experi-
ment, samples were collected destructively from each pot 
for each respective treatment and control. The seven sam-
ples from each grain size treatment and five samples from 
each of the controls were mixed into respective composite 
samples, which were transported to the laboratory for soil 
property analyses. These samples collected at the end of 
the experiment are hereinafter referred to as Time 2 (T2) 
samples. The samples were air-dried and sieved < 2 mm for 
all soil property analyses. Extractions and measurements for 
soil property analyses were conducted approx. 3–4 weeks 
after sampling at T2.

Particle size distribution was determined by a combina-
tion of mechanical sieving and sedimentation with Atterberg 
cylinders, after removal of carbonates, organic matter (OM) 
and iron (Fe) oxides. Soil textural classes were determined 
based on the Food and Agriculture Organization of the 
United Nations (FAO 2006) soil taxonomy system. The pH 
was determined in a 1 g: 2.5 ml soil-to-distilled water  (H2O) 
solution, after manual stirring at 15 min intervals for 1 h.

Given the nature of the material (the presence of HC), 
procedural modifications were required for the determina-
tion of the WHC and CEC. The WHC was determined using 
a filtration method adapted from Alef (1991), as described 
in Röhrdanz et  al. (2016). The potential CEC  (CECpot) 
was determined using a modified extraction method, after 
Sänger-von-Oepen et al. (1993), Handbuch Forstliche Ana-
lytik (2005), and VDLUFA (2012a).

Mineral nitrogen (Nmin), in the form of ammonium 
 (NH4

+) and nitrate  (NO3
−), was determined by the standard 

Nmin laboratory method (DIN 19746), according to VDL-
UFA (2002). The plant available P and K were determined 
using the calcium (Ca)-acetate-lactate extraction method 
(VDLUFA 2012b), at a concentration of 0.6%. This solu-
tion was buffered to a pH of 3.6. The P concentration was 
determined colorimetrically as phosphate  (PO4–P) using a 
coloring agent of 0.5% ascorbic acid and 1% ammonium 
heptamolybdate, measured by a spectrophotometer (Shi-
madzu UVmin-1240). The plant available K was measured 
by atomic absorption spectrometry. The water aggregate 
stability was determined using the wet sieving method, as 
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described in Kalinina et al. (2011), and which is derived 
from Six et al. (2000).

2.3  Elemental analysis

The elemental composition of the HC was determined for 
C, H, N and sulphur (S) using a Euro Elemental Analyzer 
(Eurovector; HEKAtech GmbH), after oven drying at 105 °C 
(Schröter 2018). The ash content of the HC was determined 
as the amount of material remaining after dry oxidation at 
550 °C, according to DIN EN 14775:2010-04. The O content 
of the HC was calculated as the difference in the C, H, N, 
S and ash content of the sample to 100%, as illustrated in 
equation below:

The elemental composition and ash content of the HC is 
provided in Table 1. These results were used to calculate the 
molar element ratios.

2.4  Statistical analyses

A normal distribution is a critical assumption in the use of 
a one-way analysis of variance (ANOVA). Due to the small 
number of replicates (n = 3) in this study, the normal distri-
bution of the data could not be determined with confidence. 
Therefore, the non-parametric Kruskal–Wallis H test was 
applied for all residuals, following tests for normal distri-
bution (Shapiro–Wilk test) and homogeneity of variance 
(Levene’s test). Significant differences between groups were 
determined by the pairwise comparisons post-hoc test, using 
the procedure prescribed by Dunn (1964), with a Bonfer-
roni correction for multiple comparisons (p < 0.05) (Laerd 
Statistics 2015). These statistical analyses were performed 
to determine significant differences between HC grain size 
treatments at each phase of the study (T1 and T2). The bio-
mass results were subjected to the ANOVA statistical test, 
and the normally distributed residuals further underwent a 
comparison of means post-hoc test (Scheffe test) to indi-
cate significant differences (p < 0.01). It must be noted that 
only two replicates were measured for the WHC and CEC 
analysis, and therefore statistical analyses for these proper-
ties could not be performed.

To determine if the differences over the course of the 
study (T0 to T2) between HC grain size treatments and 

O[%] = 100% − C[%] − H[%] − N[%] − S[%] − Ash[%]

controls were statistically significant, the independent-sam-
ples t-test was employed, following the Shapiro–Wilk test 
for normal distribution, and Levene’s test of homogeneity 
of variances. If the assumption of homogeneity of variances 
was violated, the independent-samples t-test was calculated 
using separate variances and the Welch–Satterhwaite cor-
rection to the degrees of freedom (Laerd Statistics 2015). 
Significant differences are based on mean values. Statistical 
analyses were performed using SPSS 25.

3  Results and discussion

3.1  Effect of hydrochar application on soil 
properties

3.1.1  Water holding capacity

A sufficient water supply is essential for optimum plant 
growth. Hence, increasing WHC is a major driver for soil 
improvement, especially for coarse grained soils (e.g. Pod-
zol), for which WHC is naturally notably low. Several stud-
ies stated a positive effect of HC addition on WHC, and 
furthermore, positive correlations between finer grained BC 
particles (< 0.25 mm) and water content and retention have 
been noted by Liu et al. (2017) and de Jesus et al. (2019).

Our results for the controls (at T0) show an initial average 
WHC of 0.9 ± 0.1 g  H2O/g dry soil (g/g) for the Chernozem; 
0.7 ± 0.1 g/g for the Podzol; and 1.2 ± 0.1 g/g for the Gleysol. 
The minimum and maximum WHC values for the controls 
and HC amended soils are provided in Table 2. The aver-
age WHC of the HC was measured at 1.47 g/g, which is 
in line with other findings (Libra et al. 2011). A tendency 
of improved WHC shortly after the addition of HC (at T1) 
was revealed in the Podzol. However, this initial increasing 
tendency did not persist throughout the course of the study. 
Post the three-month plant growth experiment (T2), no dis-
tinguishable trend between HC grain size and WHC was 
apparent for all soils, although a general decreasing tendency 
in WHC was observed for the amended soils from T1 to T2.

The increasing tendency in WHC observed mainly in 
the Podzol (sandy loam) at T1 is supported by Abel et al. 
(2013) and Röhrdanz et al. (2016), who have shown that the 
potential for increasing WHC is greater in soils with lower 
WHC, such as sandy soils, due to the smaller SSA and lower 
microporosity of sandy (coarse) textured soils compared to 

Table 1  Elemental composition 
and ash content of the hydrochar 
produced from biogas digestate 
(Schröter 2018)

C H N S O Ash content Molar element ratio

Weight (%) C/N H/C O/C

Biogas digestate 
hydrochar

35.2 3.8 2.7 0.9 10.2 47.2 15.2 1.3 0.2
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more clay-rich soils (Blanco-Canqui 2017). Liu et al. (2017) 
attributed this improvement (in sandy soils especially) to the 
change in pore structure and pore space dynamics induced 
by the addition of BC, which may also be relevant to HC. 
However, the application rate of 5% HC with a WHC of 
1.47 g/g, as performed in this study, was not sufficient to 
significantly alter the pore distribution of the soils, and as 
such, could not substantially increase the WHC of the soils. 
The unexpected lack of HC influence on WHC may also be 
due to the hydrophobicity of the HC, as shown by Berge 
et al. (2013), which may result when HC is air-dried (as in 
this study).

3.1.2  Aggregate stability

Aggregation alters the pore size distribution in soils and 
consequently, the air and water capacities. Aggregation is 
particularly prevalent in fine grained clayey soils, result-
ing in the formation of bigger pores and thus, substantially 
improving air and water balances. For BC, it was found 
that its addition improved aggregation (Pituello et al. 2018; 
Blanco-Canqui 2017).

The best proxy for aggregation is the Mean Weight Diam-
eter (MWD), which indicates the relation between aggregate 
stability and size of aggregates, whereby a greater propor-
tion of larger aggregates implies greater stability (Nimmo 
and Perkins 2002; Sun and Lu 2014). Of the controls at T0, 
the Chernozem had an average MWD of 0.3 ± 0.01 mm; 
the Podzol, 0.2 ± 0.01 mm; and the Gleysol, 0.5 ± 0.03 mm 
(Fig. 1). Shortly after HC application (T1), the MWD for 
the HC amended Gleysol showed no directed trend, but the 
HC amended Chernozem and Podzol appeared to increase 
compared to the respective controls. However, the variation 
in statistically significant differences between treatments and 
controls indicates the absence of a clear trend between the 
grain size of the added HC and aggregate stability at T1. At 
the end of the study (T2), there were no significant differ-
ences between the controls and HC amended soils for all 
soils. However, over the course of the study (T1 to T2), the 

MWD of stable aggregates increased for all soils, but was 
only significantly different for all Chernozem and Gleysol 
samples, except the Chernozem coarse grained treatment 
 (Chernozemcoarse) and  Gleysolfine. It is likely that the increase 
in MWD in the controls and HC amended soils during the 
course of the study (from T1 to T2) was the result of other 
factors, and therefore, no clear effect of HC on MWD was 
indicated in the results.

The lack of (a definitive) HC influence on soil aggrega-
tion at T1 may not be surprising, as aggregate formation 
is dependent on, inter alia, biological activity and time. 
The increase in MWD of aggregates over the course of the 
study for the controls, as well as most of the HC amended 
soils, indicates that the HC is likely not responsible for the 
improved aggregation. More likely, the results point to the 
probability that the increase in MWD at T2 was due to the 
formation of macroaggregates as part of the initial phases 
of soil restoration, following semi-destructive sampling 
(Kalinina et al. 2011).

3.1.3  Soil pH

The management and readjustment of pH are critical in soil 
amelioration practises. Where pH values are too acidic or 
alkaline, toxicities and limited nutrient availabilities may 
result. Due to general acidification processes in temperate 
soils, a good pH regulation may be achieved by the addition 
of liming materials. Similarly, the addition of HC has been 
found to alter soil pH (Malghani et al. 2015; Biederman and 
Harpole 2013), and hence, HC could considerably contribute 
to pH readjustment.

In this study, the initial average pH of the  Chernozemcontrol 
was slightly alkaline (7.9 ± 0.1), while the  Podzolcontrol and 
 Gleysolcontrol were more acidic (5.8 ± 0.1 and 4.9 ± 0.0, 
respectively). Shortly after the addition of HC with pH 
7.2 ± 0.1 at T1, the Podzol and Gleysol showed a slight 
increasing shift in pH, most pronouncedly in the fine grained 
HC treatments, while the pH of the Chernozem remained 
relatively unchanged. At the end of the study (T2), the pH of 

Table 2  Minimum and maximum water holding capacity (WHC) for controls and hydrochar amended soils over the course of the study in Cher-
nozem, Podzol and Gleysol soils

WHC of hydrochar = 1.47 g/g
a Control with plant

Soil Beginning of experiment End of experiment

T0 T1 T2

Control Coarse Medium Fine Control Control_pla Coarse Medium Fine

g/g
Chernozem 0.88–0.97 0.94–0.97 0.89–0.97 0.96–1.03 0.85–1.1 0.86–0.94 0.86–0.9 0.85–0.87 0.86–0.87
Podzol 0.63–0.73 0.74–0.84 0.74–0.84 0.74–0.8 0.7–0.7 0.68–0.73 0.72–0.75 0.68–0.74 0.67–0.73
Gleysol 1.14–1.27 1.16–1.22 1.28–1.29 1.19–1.20 1.07–1.12 1.13–1.22 1.03–1.06 1.07–1.12 1.09–1.12
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the HC amended Chernozem was lower than the controls, 
and furthermore, the  Chernozemmedium and  Chernozemfine 
had reached the same pH as the HC (7.2) (see Fig.  2). 
Simultaneously, the trend of increasing pH in the amended 
Podzol and Gleysol continued, resulting in significant dif-
ferences between the controls and amended soils, namely, 
the  Podzolfine (p = 0.040) and the  Gleysolmedium (p = 0.010). 
Therefore, it would appear that the addition of HC resulted 
in a shift of soil pH to the pH of the HC, which was more 
prominent in the finer grained fractions.

These results are consistent with that of Malghani et al. 
(2015), where HC addition significantly increased the pH 
of a coarse grained acidic soil. A related study by Liao and 
Thomas (2019) found that the addition of small grained 
(0.06–0.5 mm) sieved BC to a granitic sand increased the 
pH by 0.3 units, compared to a larger grain size (2–4 mm), 
which showed no significant difference; thus confirming our 

findings in respect of grain size effects. Liao and Thomas 
(2019) further suggested that BC produced from feedstocks 
of smaller particle size, such as the decomposed plant mate-
rial which constitutes part of the digestate from which the 
HC in this study was produced (Greenberg et al. 2019), have 
a higher ash content, thus promoting alkalinity.

The equilibration of the pH values of the soil and (finer 
grained) BC are suggested to be the result of increased phys-
ical contact between the soil and BC particles, as well as the 
high ash content of the BC, which promotes the liming effect 
of the BC and its capacity to buffer soil acidity (Domingues 
et al. 2017) and provides additional cations to the soil, which 
increases pH, particularly in sandy and loam textured soils 
(Glaser et al. 2002). As found for the Chernozem in this 
study, a reduction in soil pH was also possible when HC 
was added to a soil that had a higher pH than that of the HC. 
As such, this study’s findings confirm that the conclusion of 

Fig. 1  Average Mean Weight 
Diameter (MWD) for the 
controls and hydrochar grain 
size treatments in a Chernozem, 
Podzol and Gleysol over the 
course of the plant growth 
experiment. Error bars repre-
sent standard deviation of the 
means. Different letters indicate 
significant differences in means 
at p < 0.05 level between treat-
ments at the respective time 
period. n.s = nonsignificant. 
Solid bars indicate significant 
differences and patterned bars 
nonsignificant differences in 
means (p < 0.05) between treat-
ments at the beginning (T0 and 
T1) and end of the study (T2). 
Control_pl = control with plant
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Biederman and Harpole (2013) may be inferred for HC as 
well, whereby the pH response is dependent on the initial pH 
of the soil, as well as the pH of the BC/HC material.

3.1.4  Potential cation exchange capacity  (CECpot)

CEC is a major controlling factor in the availability of plant 
nutrients. Hence, increasing the CEC of soils is of particular 
interest in the context of soil improvement, especially since 
increased CEC is coincident with higher fertilizer efficiency 
and the reduced entry of nutrient loads into groundwater 
systems (Bargmann et al. 2014a). BC typically has a high 
CEC, and its addition to soils has shown to increase the 
soil CEC (Garlapalli et al. 2016). However, contradictory 
findings have been reported for HC. For example, Puccini 
et al. (2018) observed a very low CEC for fresh HC, while 
Salem (2013) report increased CEC of soils by HC addition. 

Additionally, Libra et al. (2011) hypothesized that HC sur-
face functional groups should improve soil CEC. Such vari-
ability leaves open questions regarding the sorption capacity 
of HC and its ability to improve soil CEC.

In this investigation, the  CECpot of the  Chernozemcontrol 
at the beginning of the study (T0) was 39.5 ± 2 cmol 
 kg−1, for the  Podzolcontrol, 18.8 ± 2 cmol  kg−1, and for the 
 Gleysolcontrol, 85.8 ± 0.4 cmol  kg−1 (Table 3). Shortly after 
HC addition (T1), the  CECpot remained relatively unchanged 
for all HC grain size treatments compared to the controls for 
all soils. The same result was found at the end of the study 
(T2), whereby a difference in  CECpot between controls and 
HC amended soils remained indistinct. Hence, the results 
show no impact on  CECpot by HC addition.

Schulz and Glaser (2012) argued that improved CEC by 
BC addition to soils is unlikely to occur in the short-term, 
and that the CEC of BC can only be increased when the BC 

Fig. 2  Average pH (measured in 
distilled  H2O) for the controls 
and hydrochar grain size treat-
ments in a Chernozem, Podzol 
and Gleysol over the course of 
the plant growth experiment. 
The solid line represents the 
pH of the HC (7.2). Error bars 
represent standard deviation of 
the means. Different letters indi-
cate significant differences in 
means at p < 0.05 level between 
treatments at the respective time 
periods. n.s = nonsignificant. 
Solid bars indicate significant 
differences in means (p < 0.05) 
between treatments at the 
beginning and end of the study. 
Patterned bars = nonsignificant. 
Control_pl = control with plant
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is microbially activated, such as via compositing. There-
fore, the addition of an “un-activated” BC would not elevate 
the CEC. Hale et al. (2013) maintained that soils which are 
most likely to respond to BC (and HC) addition have a CEC 
of ≤ 10 cmol  kg−1. The initial CEC of the soils of this study 
were all well above 10 cmol  kg−1. Furthermore, the addition 
of 5% HC with a CEC of 28.2 ± 2.3 cmol  kg−1 was insuf-
ficient to distinctly increase soil CEC. According to Glaser 
et al. (2002), a sustainable increase in CEC, as well as the 
formation of organo-mineral complexes, can be achieved 
through the formation of carboxylic functional groups on 
the edges of the aromatic structure of charcoal by means of 
slow oxidation. It is plausible that the duration of this study 
may not have been sufficient to allow for such processes to 
take place.

3.1.5  Phosphorous  (PO4–P)

An adequate supply of all the nutrients plants require is 
essential for optimum plant growth. However, fertilization 
practices are concentrated almost exclusively on the sup-
ply of N, P and K, as these are quantitatively in the highest 
demand. Fertilization can be achieved by applying mineral 
and/or organic fertilizers, and additionally, by HC applica-
tion. A study by Bento et al. (2019) showed that HC released 
nutrients, however it was dependent on the soil type to which 
it was applied, as well as the HC application rate. Although 
research on this topic is comparatively less than for BC, 
it can be expected that the fertilizer effect of HC is even 
stronger, because the HC structure is less stable (Basso 
et al. 2013), presumably resulting in greater alteration and 
enhanced nutrient release.

The results for the beginning of the study (T0) showed 
the  PO4–P content of the controls as 172.4 ± 7.8 mg kg−1 
for the Chernozem; 431.9 ± 8 mg kg−1 for the Podzol; and 
20.9 ± 1.5 mg kg−1 for the Gleysol (Fig. 3). The  PO4–P 
content of the HC was 2034.6 ± 38.3  mg  kg−1. Shortly 
after the addition of HC (T1), the  PO4–P content increased 
in all amended soils, and furthermore, the fine grained 

HC treatments had significantly higher  PO4–P contents 
(p < 0.05) compared to their respective controls, increasing 
by ~ 87%, ~ 308% and ~ 2500% in the Chernozem, Podzol and 
Gleysol, respectively. At the end of the study (T2), the  PO4–P 
content of the HC amended soils was mostly higher than the 
controls for all soils, however this was not statistically con-
firmed, except for the  Gleysolfine (p = 0.034). Over the course 
of the study (T1 to T2), the  PO4–P content mostly decreased 
for all soils in both the controls, as well as HC amended sam-
ples. This was statistically significant (p < 0.05) for all HC 
amended soils, except for the  Chernozemfine,  Podzolcoarse, 
 Gleysolcontrol_pl and  Gleysolcoarse. The results evince a clear 
HC effect on  PO4–P content, suggesting the HC acted as a 
short-term source of  PO4–P to the soils, with the greatest 
release of  PO4–P occurring in the fine grained fraction.

The significant initial increase in  PO4–P content in all 
soils compared to the controls was likely derived directly 
from the HC. This finding is supported by Gronwald et al. 
(2015), whereby HC produced from digestate feedstock, as 
in this study, contained 10 times more P compared to the 
other feedstocks. It has been shown that BC produced from 
crop residues and manure feedstocks are more easily decom-
posable due to their fine nature and high nutrient content. 
In line with this, a decreased resistance to degradation is 
most evident in the fine grained HC treatments in this study, 
which have an inherently larger surface area (compared with 
larger grain sizes), and consequently showed the highest 
 PO4–P release from the HC at T1 and T2 in all soils.

Gronwald et al. (2015) and Verheijen et al. (2009) stated 
that HC shows a general structurally and chemically induced 
lower decomposition resistance. The relative ease at which 
the mineralization of HC takes place, and the (suggested) 
ensuing temporary increase in soil microbial activity, is 
proposed to only occur for as long as the easily mineralized 
fraction (as DOC) is present in the soil, hence, potentially 
only over a short-term (Gronwald et al. 2015). This may 
be a contributing factor to the decreased  PO4–P content 
observed from T1 to T2. A similar finding was reported by 
Buss et al. (2018), where a reduction in P release from BC 

Table 3  Minimum and maximum range in cation exchange capacity (CEC) for controls and hydrochar amended soils over the course of the 
study in Chernozem, Podzol and Gleysol soils

CEC of hydrochar = 28.2 cmol  kg−1

a Control with plant

Soil Beginning of experiment End of experiment

T0 T1 T2

Control Coarse Medium Fine Control Control_pla Coarse Medium Fine

cmol kg−1

Chernozem 38–40.9 38.8–39.7 39.9–40 38.4–39.6 40–40.6 40.2–43.2 40.9–41.4 41–43 42.6–46.6
Podzol 17.3–20.2 20.3–21.8 22–22.2 18.6–19.9 19.5–20.7 20–20.6 20.1–21.3 24.2–24.3 19.6–20.2
Gleysol 85.5–86.1 84–79.9 84.4–85.3 85.7–89.7 91.9–95.4 94.9–95.2 83.1–85.7 82.6–86.7 87.7–87.7
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over a series of extractions was observed. Almost 17% of the 
total P content (258 ± 2.9 mg kg−1) was initially released in 
the first extraction step, and successively less P at the second 
(137 ± 2.4 mg kg−1) and sixth (34 ± 0.8 mg kg−1) extraction 
steps.

Additionally, the  PO4–P decrease may be related to phys-
icochemical immobilization processes. It is well known that 
P contributes to numerous precipitation, mineralization, 
immobilization and fixation processes, which are further 
influenced by pH (Zhang et al. 2016). It has been proposed 
that increased  PO4–P content may be caused by the libera-
tion of P that is affixed to Fe- and aluminium (Al) oxides in 
soils as a result of increased pH due to BC addition, which 
effectively increases the availability of P to microbial com-
munities and plants (Alling et al. 2014; Marmiroli et al. 
2018). This liberation is particularly prevalent in acidic soils, 

whereby the liming effect of the added char acts to lower the 
Al and Fe content of the soil (Biederman and Harpole 2013). 
This is evident (by the greater increase in  PO4–P content 
with HC addition at T1) in the acidic Podzol and Gleysol (T0 
control pH: 5.8 and 4.9, respectively) in this study compared 
to the smaller increase observed in the more alkaline Cher-
nozem (T0 control pH: 7.9).

The optimal pH range for the availability of P to plants 
is 6.0–6.5 (Buss et al. 2018), which all soil types were 
approaching during the course of this study i.e. from T1 to T2 
(see Fig. 3). However, immobilization processes with solid 
soil compounds cannot be excluded, including those by soil 
microbes. The transformation of available P into the micro-
bial biomass (and therefore its immobilization) is strongly 
dependent on the C:P ratio of the soil, whereby an increase 
in the soil C content increases P immobilization by microbes 

Fig. 3  Average phosphate 
content  (PO4–P) for the controls 
and hydrochar grain size treat-
ments in a Chernozem, Podzol 
and Gleysol over the course of 
the plant growth experiment. 
Error bars represent standard 
deviation of the means. Differ-
ent letters indicate significant 
differences in means at p < 0.05 
level between treatments at 
the respective time periods. 
n.s = nonsignificant. Solid bars 
indicate significant differences 
in means (p < 0.05) between 
treatments at the beginning 
and end of the study. Patterned 
bars = nonsignificant. Control_
pl = control with plant. *Statisti-
cally significantly difference 
(not visible)
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(Zhang et al. 2017). It is reasonable to assume that the provi-
sion of labile C compounds to soils by HC addition likely 
promoted the incorporation of P into the microbial biomass 
by stimulating microbial activity, thus reducing its concen-
tration in the soils.

It is unlikely that precipitation processes played a domi-
nant role in the decreased  PO4–P content of the soils in this 
study, since the pH ranges achieved in all the soils by the 
addition of HC favour a reduced solubility of those sorbent 
ions (Fe, Al, and Ca), thus also reducing the precipitation of 
P (Penn and Camberato 2019; Huang et al. 2005; Ifansyah 
2013). Therefore, the increased availability of  PO4–P due 
to shifting pH caused by HC addition during this study, and 
its subsequent uptake by plants and microbes, are the most 
likely explanations for the observed decrease in  PO4–P con-
tent from T1 to T2.

The roles and extent to which the processes of precipita-
tion, inclusion, fixation and adsorption play a part remains 

open for further research. It can only be stated that the inves-
tigated soils in this study should react differently in respect 
of these processes. However, with regards to the fertilization 
efficiency of HTC, the results indicate that the HC did not 
have a medium- or long-term fertilization effect.

3.1.6  Potassium (K)

The initial K content of the controls was 565 ± 28.2 mg kg−1 
for the Chernozem, 69.9 ± 14.2 mg kg−1 for the Podzol, and 
43.9 ± 0.29 mg kg−1 for the Gleysol (Fig. 4). The K con-
tent of the HC was measured as 2612.5 ± 268.7 mg kg− 1. 
Shortly after adding HC (T1), the K content increased in 
all soils compared to the controls, but only the difference 
between the  Podzolcontrol and  Podzolmedium was statistically 
significant (p = 0.034). At the end of the study (T2), there 
were no significant differences in K content between the 
controls and HC amended soils or between the HC grain 

Fig. 4  Average potassium (K) 
content for the controls and 
hydrochar grain size treat-
ments in a Chernozem, Podzol 
and Gleysol over the course of 
the plant growth experiment. 
Error bars represent standard 
deviation of the means. Differ-
ent letters indicate significant 
differences in means at p < 0.05 
level between treatments at 
the respective time periods. 
n.s = nonsignificant. Solid bars 
indicate significant differences 
in means (p < 0.05) between 
treatments at the beginning 
and end of the study. Patterned 
bars = nonsignificant. Control_
pl = control with plant
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size treatments for all soils. Over the course of the study 
(T1 to T2), the K content decreased significantly (p < 0.05) 
in all treatments for all soils, except for the  Podzolcontrol 
and both Gleysol controls (with and without plants). The 
addition of HC resulted in a short-term increase in K con-
tent, thus indicating HC as a K source.

The increase in K content in all HC amended soils com-
pared to the controls at T1 is corroborated by Alling et al. 
(2014). As argued for  PO4–P content (see above), it is 
reasonable to assume that the relatively easily degradable 
fraction of the HC is accountable for the quick release 
of K. As already shown for  PO4–P, the data showed a K 
depletion at T2. Causation by immobilization via fixa-
tion to clays can be excluded in this study, since all soils 
reacted similarly, and furthermore, contain effectively no 
clays (Podzol) or consist mainly of micas (Gleysol) (Brüm-
mer and Schroeder 1976), a non-fixing clay mineral. The 
same may be said for fixation to HC, and hence, plant 

uptake and/or microbial immobilization are the most prob-
able K depleting processes, although a definitive explana-
tion cannot be given at this point.

3.1.7  Mineral nitrogen  (Nmin)

At the beginning of the study (T0), the  Chernozemcontrol 
had an average ammonium  (NH4

+) content of 
1.7 ± 0.6 mg kg−1; the  Podzolcontrol: 3.1 ± 1.5 mg kg−1; 
and the  Gleysolcontrol: 6.2 ± 0.3 mg kg−1. After initially 
adding the HC (T1), which contained 2.7% N (Table 1), the 
 NH4

+ content increased substantially for all soils (Fig. 5), 
however this increase was only significant (p < 0.05) for 
the  Chernozemmedium (p = 0.034),  Podzolfine (p = 0.049), 
and  Gleysolcoarse (p = 0.034). At the end of the study (T2), 
no significant differences in  NH4

+ content between con-
trols and HC amended soils were observed, except for the 
 Gleysolfine (p = 0.009). Subsequent to the initial increase, 

Fig. 5  Average ammonium 
content (expressed as  NH4

+–N) 
for the controls and hydro-
char grain size treatments in a 
Chernozem, Podzol and Gleysol 
over the course of the plant 
growth experiment. Error bars 
represent standard deviation of 
the means. Different letters indi-
cate significant differences in 
means at p < 0.05 level between 
treatments at the respective time 
periods. n.s = nonsignificant. 
Solid bars indicate significant 
differences in means (p < 0.05) 
between treatments at the 
beginning and end of the study. 
Patterned bars = nonsignificant. 
Control_pl = control with plant. 
*Statistically significantly dif-
ference (not visible on graphic)
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the  NH4
+ content decreased significantly for all soils, 

except for the  Chernozemcontrol_pl and  Podzolcontrol_pl. From 
the results, it appears that HC acted as a source of  NH4

+ 
for a short time period after application.

At the beginning of the study (T0), the average nitrate 
 (NO3

−) of the  Chernozemcontrol was 25 ± 2  mg  kg−1; 
17 ± 0.2 mg kg−1 for the  Podzolcontrol; and 36.5 ± 0.6 mg kg−1 
for the  Gleysolcontrol (Fig. 6). All soils showed a varied 
response shortly after HC addition (T1), however no signifi-
cant differences were observed. The same varied response 
between controls and HC grain size treatments was observed 
at T2. Significant differences in  NO3

− content occurred 
from T1 to T2 for all soils, except for the  Chernozemcoarse, 
 Podzolcontrol_pl and  Gleysolfine. However, the soils reacted 
inconsistently with increasing and decreasing  NO3

− content. 

Consequently, a relationship between HC and  NO3
− content 

was indeterminable.
Tambone and Adani (2017) compared a digestate pro-

duced by anaerobic digestion to compost and sewage sludge, 
and found that the digestate had the highest N content 
(157.2 k kg−1 dry mass), of which ~ 80% occurred as  NH4

+. 
The HC used in this study may therefore have a similarly 
high initial  NH4

+ content, which, as is suggested for  PO4–P 
and K, may have been released directly into the soil solution; 
thereby substantially increasing the  NH4

+ content of the HC 
amended soils at T1. This is substantiated by the C/N ratio of 
the HC used in this study (15.2) (refer to Table 1), whereby a 
C/N ratio < 20 indicates N mineralization (ammonification), 
and therefore the release of N from the HC (Dieguez-Alonso 
et al. 2018; Hagemann et al. 2016). However, as already 
stated for  PO4–P and K, the relatively easily mineralized 

Fig. 6  Average nitrate content 
(expressed as  NO3

−-N) for the 
controls and hydrochar grain 
size treatments in a Chernozem, 
Podzol and Gleysol over the 
course of the plant growth 
experiment. Error bars repre-
sent standard deviation of the 
means. Different letters indicate 
significant differences in means 
at p < 0.05 level between treat-
ments at the respective time 
periods. n.s = nonsignificant. 
Solid bars indicate significant 
differences in means (p < 0.05) 
between treatments at the 
beginning and end of the study. 
Patterned bars = nonsignificant. 
Control_pl = control with plant
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fraction of HC resulted in only a short-term release of nutri-
ents (Gronwald et al. 2015), which was subsequently further 
rapidly processed within the food chain (Libra et al. 2011). 
In Bargmann et al. (2013a), the N content measured in the 
microbial biomass present in HC amended soils was found 
to be proportionate to the decreased N content of the incu-
bated soils.

According to Tambone and Adani (2017), nitrification 
is likely responsible for the decreasing  NH4

+ concentra-
tion in soils, however, the associated  NO3

− results of this 
study do not comply with this explanation. Although it is 
probable that nitrification took place from T1 to T2, the non-
continuous analysis during the course of the study resulted 
in this process going undetected. The results imply that the 
 NO3

− content, which has a higher susceptibility to change 
compared to the other measured plant available nutrients, 
responded more strongly to the micro-environmental condi-
tions within the pots, such as the microbial activity and com-
munities, temperature and moisture content, and the original 
soil organic matter (SOM) content of the different soil types 
(Hagemann et al. 2016). This finding is supported by Sun 
et al. (2014), who found that the interaction between BC and 
nitrification is multifactorial.

3.2  Effect of hydrochar application on plant growth 
dynamics of Chinese cabbage

3.2.1  Seed germination

The germination success of the controls was, on average, 
53% for the Chernozem, 84% for the Podzol, and 76% for 
the Gleysol (Table 4). Despite a varied response of the soils 
to HC addition between round 1 and 2, and independent of 
HC grain size; the average germination success for the HC 
amended soils over the course of the experiment was in a 
similar range as the controls, with the Chernozem showing 
a germination rate of 56%, the Podzol 75%, and the Gleysol 
60%. Hence, on average, the addition of HC did not inhibit 
the germination of Chinese cabbage seeds in any soils.

The reduction in germination rate in the Chernozem 
and Podzol from round one to round two, and the increase 
in the Gleysol, occur in both the controls and the HC 
amended soils, which indicates an environmental influence 

in combination with soil specific factors. The differences 
in the properties of the three soil types, such as texture, 
aggregate stability and WHC resulted in varied responses 
to potential environmental fluctuations, including increasing 
temperature. In the area in which the study was conducted, 
the temperature increased from an avg. of ~ 1 °C in Febru-
ary 2018 at the beginning of the study to ~ 13 °C by the end 
of the germination experiment in April 2018 (temperatures 
measured at 32 m height; Kock 2019). Such increased tem-
peratures over this time may have caused a greater level of 
desiccation in the Chernozem and Podzol due to lower WHC 
compared to the Gleysol (see Table 2), which reduced the 
rate of seed germination in the Chernozem and Podzol in the 
second round of the experiment.

However, the overall lack of germination inhibition 
exhibited in this study contradicts existing literature, which 
states that the addition of a fresh and/or non-pretreated HC 
to soils delays or severely inhibits seed germination and 
plant growth. This inhibition is attributed to the organic con-
taminants inherent in the HC, such as phenols and organic 
acids (Bargmann et al. 2013b, 2014a; Röhrdanz et al. 2019), 
particularly at concentrations above 10% (w/w) (Bargmann 
et al. 2013b, 2014a; Busch et al. 2012). The HTC tempera-
ture and reaction time used in this study (~ 200 °C for ca. 
3 h) may have been sufficiently high and long in duration to 
remove the volatile compounds that are potentially harmful 
for germination and plant growth (Reza et al. 2014), or the 
free gas exchange at the soil–atmosphere interface allowed 
for the quick release of these substances. The latter is sup-
ported by Sun et al. (2014), in which the potential to improve 
soil aeration was evinced by an enhanced soil porosity fol-
lowing BC addition, which further increased gas diffusion.

This study’s finding are corroborated by Fang et al. 
(2015), where the addition of HC produced at 200 °C 
yielded similar results for seedling growth to that of the 
control treatment. Puccini et al. (2018) found a reduction 
in the volatile fatty acid (98%), total polyphenol (41%) 
and total tannins (37%) contents of a HC after aging for 
4 months under room temperature and free air exchange 
conditions. This aged HC showed the highest seed ger-
mination success of lettuce, compared to the fresh and 
washed HC. As such, the findings of this study may be 
the result of the relatively advanced age of the HC (at 

Table 4  Percentage germinated 
seeds for the controls and 
hydrochar amended soils over 
two rounds of the germination 
experiment conducted in a 
Chernozem, Podzol and Gleysol

Soil Control Hydrochar amended soil

Round 1 Round 2 Average Round 1 Round 2 Average

(%)

Chernozem 94 12 53 85 28 56
Podzol 95 73 84 84 66 75
Gleysol 73 78 76 34 86 60
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least > 3  months) and storage time (Bargmann et  al. 
2013b, 2014a), as well as the relatively low concentration 
of HC (5%) applied to the soils, which supposedly ren-
dered the typically adverse impacts of HC on germination 
ineffective.

3.2.2  Biomass

With the exception of the  Gleysolfine, there were no sig-
nificant differences in biomass production between HC 
amended soils and the controls, nor between HC grain size 
treatments in all soils (Fig. 7). Therefore, it can be general-
ized from the results that the addition of HC to the soils 
showed no positive or negative influence on plant growth.

The results are corroborated by Bargmann et al. (2014a) 
and Röhrdanz et al. (2019), who also found that the addi-
tion of untreated HC had little influence on the growth 
of Chinese cabbage. The age of the HC, its low concen-
tration in the soils, the release of volatile compounds in 
open-air conditions (Bargmann et al. 2013b) and/or HTC 
production conditions may all contribute to these findings. 
Furthermore, Bargmann et al. (2014a) postulated that the 
absence of negative HC influence may have been due to 
microbial activity, which acted to decompose the harm-
ful phytotoxic compounds in the HC, and thereby allow 
for favourable plant growth conditions. The significantly 
higher biomass production in the  Gleysolfine may be due 
to a combined effect of the higher WHC of the Gleysol 
compared to the other soil types, and the relatively eas-
ily degradable fraction of HC, as previously mentioned, 
which allowed for the release of essential nutrients for 

plant growth, particularly for the fine grained HC particles 
due to their inherently larger surface area, which is more 
vulnerable to degradation.

4  Conclusion

The addition of 5% HC from digestate feedstock resulted in a 
short-term supply of nutrients  (PO4–P, K and  NH4

+) to all the 
soils, which was most significant in the finer grained fractions. 
This finding exemplifies the fertilization effect of HC. Impor-
tantly, the quick release and transient nature of this effect was 
likely due to the increased rate of decomposition as a result of 
the less stable C structure of the HC and its more labile C spe-
cies relative to BC. However, the effects of HC on the biomass 
production of Chinese cabbage, WHC, aggregate stability and 
CEC were minor or intangible.

The fertilization effect of the HC was associated with a 
persistent compensatory shift in soil pH toward the pH of the 
HC, which was most pronounced in the finer grained HC treat-
ments. Hence, the application of HC could partially substitute 
lime supply. Additionally, the observed pH shift provoked an 
intensified  PO4–P solubility. On the other hand, the increased 
pH might favour SOM mineralization, a rather undesired 
impact, especially for sandy soils. A positive effect was found 
for seed germination. Contrary to other studies (Bargmann 
et al. 2013b, 2014a; Busch et al. 2012), no germination inhi-
bition occurred which means that 5% HC application can be 
implemented without inducing harmful consequences for plant 
growth. The Chinese cabbage grew satisfyingly, however there 
was no further improvement compared to the controls.

It may therefore be concluded that the digestate feedstock 
was successfully converted into a useful product for soil 
amendment. The 5% HC application did not induce detri-
mental pH shifts and acted as a short-term fertilizer. How-
ever, it was unable to sustain the supply of nutrients at lev-
els necessary to enhance plant growth and would therefore 
not be suitable as a long-term fertilizer in its present form. 
Nonetheless, its readily available high nutrient content, par-
ticularly in fine grained fractions, could have the potential as 
a replacement for traditional P and K fertilizers. Therefore, 
further research is necessary for this potential to be realised.
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n.s = nonsignificant
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