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Anthropogenic soil as an environmental 
material, as exemplified with improved growth 
of rice seedlings
Fan Yang1,2*†, Yibo Lan1,2†, Ronghui Li1,2, Qiang Fu1,2, Kui Cheng1,3, Zhuqing Liu1,2* and Markus Antonietti4* 

Abstract 

Herein, the feasibility of artificial black soil (ABS) derived from hydrothermal humification-hydrothermal carbonization 
(HTH-HTC) for restructuration of weak soil was verified. This study breaks through the long history of soil formation 
and evolution, and obtains reconstructed anthropogenic soil (AS) system which only takes one month, for the further 
application of rice seedlings. HTH-HTC derived by-products are slightly acidic, which facilitates the effective nutrient 
uptake and prevention of wilt diseases for acid-loving rice seedlings. AS mainly consists of the inherent components 
retained from weak soil such as SiO2 and minerals, and exogenous components such as artificial humic substances 
and hydrochar, as introduced by hydrothermal humification processes. Results exhibit that AS has high contents 
of ammonium nitrogen, organic matter, organic carbon, and abundant porous structure for nutrient transport 
and water holding, especially, the community diversity and richness of microbial system gets the expected recovery 
and new beneficial bacteria (such as Caballeronia calidae) or fungi (such as Humicola) appear. Positive effects of AS on 
agronomic traits in rice seedlings are quantified. As a general result, this study supports the application of AS in sus-
tainable agriculture, and provides a novel strategy to tackle the already-omnipresent land degradation by anthropo-
genic misuse and larger scale accidents.

Highlights 

• Anthropogenic soil system was rapidly reconstructed through hydrothermal humification-hydrothermal carbona-
tion technology.

• Anthropogenic soil possesses multiple components-structure properties for nutrient transport and water retention.

• Anthropogenic soil microbial systems recover and spread in 4 weeks.

• Anthropogenic soil provides acidic environment to biochemically promote rice seedling growth.
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1  Introduction
Soil health is understood as the vitality for sustaining the 
socio-ecological functions of its enfolded land (Janzen 
et al. 2021). It is the essential measure of its “goodness” 
and suitability, quality and functionality, which is cru-
cial for an operational ecosystem, water filtration, crop 
growth, and finally substantial carbon storage (Arcurs 
2017). The climate discussion has often neglected the 
soil, which is the largest but often overlooked resource 
(Wall and Six 2015). One-third of the world’s land surface 
is degraded to some degree, and 24 billion metric tons of 
fertile soil are lost each year (Coban et al. 2022). Soil deg-
radation over about that in the next 20 years threatens to 

reduce global food productivity by 12% and to massively 
increase food prices (Kopittke et al. 2019).

Soil degradation has long term consequences, while 
rehabilitation requires short-term and low-cost meas-
ures (Richter 2021). Increasing humic substance through 
organic inputs is a historical measure for enhancing sus-
tainable soil carbon storage and nutrient enrichment 
(Tautges et  al. 2019). The artificial hydrogeochemical 
technique simulates humification for synthesizing artifi-
cial humic matter in a short time and with high carbon 
recovery rate (close to 1), providing a novel route for sus-
tainable utilization of so called “waste-biomass” for the 
reconstruction of soil humus layer, and even laid the base 
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for the chemical retro-design and optimization of “black 
soils” (Yang et al. 2019b; Yang and Antonietti 2020). Fur-
thermore, the rapid synthesis of environmental materials, 
namely anthropogenic soil as a “carbon pump”, possess 
multiple functional component-structures and achieves 
100% recycling of exogenous organic carbon, as com-
pared to the previous individual components of artifi-
cial humic substances reported by our group (Yang et al. 
2021a, 2023; Yang and Antonietti 2020).

While Matt Damon in the Hollywood blockbuster “The 
Martian” cleverly created “soil” in one day, the reality is 
that this would be extremely challenging (Wall and Six 
2015; Arcurs 2017). Two viable short-term “soil gen-
eration” approaches are utilizing waste biomass and its 
derivatives (e.g., biogas digestate, sewage sludges, and 
biochar) mixed with other soil essential components 
for composting or hydrothermal carbonization. Such as 
seedling substrates made by composting different types 
of biogas residues, in which perlite and sawdust were 
used as additives in different proportions separately or 
together (Chang et al. 2021). However, apart from poten-
tial environmental risks (Yang et  al. 2021a), Meng et  al. 
demonstrated that corn straw biogas residue inhibited 
the growth of both tomatoes and peppers (Meng et  al. 
2022). And previous literature has demonstrated the phy-
totoxic effects of hydrochar, especially at the early stage 
of plants (Chen et al. 2022).

Herein, this study proposed an effective, in a first ver-
sion necessarily bold engineering proposal to artificially 
re-construct a fertile soil system within 30 days, and the 
reconstitution was successfully tested by rice (Oryza 
sativa L.) seedling cultivation (Fig.  1). The major objec-
tives are (i) to create a reinforced concentrated artificial 
black soil via hydrothermal humification—hydrother-
mal carbonization from biomass leftovers; (ii) to culti-
vate a natural microbiome system in anthropogenic soil 
through artificial black soil cultivation with natural weak 
soil; and (iii) to verify the adequacy of the dominant 
physical–chemical properties of anthropogenic soils, 
such as not requiring supplementary acid regulators and 
seedling strengtheners, and its agronomic performance 
in rice seedling. If successful, this describes and deline-
ates a potential “cure for degraded farm land” starting 
from generating synthetic anthropogenic soil from waste 
biomass (or agricultural side products) and weak soil, 
potentially from the same or nearby farm-land.

2 � Materials and methods
2.1 � Experimental design
The hydrothermal humification—hydrothermal carboni-
zation (HTH-HTC) technology is used to synthesize 
artificial black soil (ABS) for the reconstitution of weak 
farming soil. AS at the beginning mainly consisted of the 

inherent inorganic components retained from weak soil 
such as SiO2 and minerals, and exogenous carbon com-
ponents such as artificial humic substances and hydro-
char were generated by the hydrothermal humification 
process and added to the minerals. The as-made chemi-
cal mixtures were then primed with a natural soil micro-
biome, and only after 4 weeks microbial colonialization 
had taken place to a much higher level, creating a living 
soil system.

2.2 � Preparation of artifical black soil
Weak soil used in this study was obtained from Northeast 
Agriculture University in Harbin, China (45º44′22’’N, 
126º43′30’’E) and lacked organic carbon. It was sampled 
in June 2022 at field capacity, which is approximately 
equivalent to a soil water potential of -100 hPa. Soil 
blocks were carefully retrieved from the 0–20 cm soil 
layer. The samples were air-dried, sieved (< 2 mm), and 
homogenized. Weak soil substance composition was pro-
vided in Table S1. The soil type in the US Soil Taxonomy 
was classified as Udic Argiboroll and was a clay loam. The 
annual mean temperature was 4 °C and the annual pre-
cipitation is 569 mm (Wang et al. 2018).

In total, 5 g weak soil and 2.5 g rice straw powders were 
added to KOH aqueous solution, and transferred to a 100 
ml polytetrafluoroethylene-lined stainless steel autoclave, 
heated to 200 °C for 24 h. The liquid product (artificial 
fulvic acid, AFA) was stored at 4 °C in a light-proof envi-
ronment for storage. The solid product (artificial black 
soil, ABS) was dried at 50 °C, ground until there were 
no visible lumps. The samples were named as ABS-20:1, 
ABS-15:1, and ABS-10:1 according to mass ratios of rice 
straw powder to KOH, and stored in a sealed dry envi-
ronment. As the final pH was acidic, the samples were 
essentially biochar and articifical humic substances con-
jugated to the surface of the mineral grains. The control 
group was consisted of samples prepared without the 
addition of rice straw or KOH.

2.3 � Functional rehabilitation of anthropogenic soil
Combining pH values of the above hydrothermal humifi-
cation liquid products (different biomass to KOH ratios) 
presented in Table S2 and the characteristic that rice 
seedlings prefer acidic growth habitat, the ratio of bio-
mass to KOH was set to be 15:1 for hydrothermal humi-
fication in the subsequent experiments, whereby artificial 
black soil used for the subsequent experiments was ABS-
15:1 with high soil organic matter (SOM, 19.49 ± 1.40%) 
and soil organic carbon (SOC, 13.61 ± 1.18%) content, 
i.e., it is too carbon rich to be used as such. The novel 
artifical soil (AS) for rice seedling was thereby con-
structed through mixing various mass ratios of ABS-15 
(0%, 10%, 30%, and 50%) with the original weak soil and 
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sprayed with a certain amount of AFA (excluding the 
control group), named as CK, AS-10, AS-30, and AS-50, 
respectively, as shown in Table S3. The soil samples were 
then mellowed for almost 30 days to stimulate microbial 
growth.

Nutrient and functional indicators of AS were stud-
ied by quantitative tests of total organic matter, total 
organic carbon, available inorganic nitrogen (ammo-
nium nitrogen, nitrate nitrogen), available phospho-
rus, bulk density (BD), and volumetric maximum water 
holding capacity (WHC). Fresh soil samples were 

extracted with 2 M KCl solution at a ratio of 1:10 (w/v), 
and the concentrations of ammonium (NH4

+-N) and 
nitrate-nitrogen (NO3

−-N) in the extracts were tested 
with the Discrete Auto Analyzer (Smartchem200, Alli-
ance, France). Available phosphorus was extracted 
with 0.5 M NaHCO3 leaching at a ratio of 1:20 (w/v), 
and then were tested with the Discrete Auto Analyzer 
(Smartchem200, Alliance, France). Maximum WHC 
(aka “gravity-drained equilibrium water content” or 
“field-carrying capacity”) and BD were determined in 
cylinders packed with soil or amended soil based on 

Fig. 1  Construction of anthropogenic soil using artificial humic substances derived from biomass for dilution on farmland back to promote 
the growth of biomass
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the method of Veihmeyer and Hendrickson (1949) with 
some modifications following Verheijen et al. (2019).

The recovery degree of microbial communities in 
AS was visualized through high-throughput sequenc-
ing means. Amplification of 16S rRNA gene along with 
genomic DNA for DNA extraction, PCR amplification, 
high-throughput sequencing was done by using primer 
16S rRNA 515F(5’-GTG​CCA​GCMGCC​GCG​G-3’) and 
907R(5’-CCG​TCA​ATTCMTTT​RAG​TTT-3’). All sam-
ples were sent to the Majorbio Bio-pharm Technology 
Co., Ltd (Shanghai, China) for high throughput sequenc-
ing and qPCR, and each sample was detected in tripli-
cate. The data were analyzed on the free online platform 
of the Majorbio Cloud Platform (www.​Major​bio.​com), 
and the similarity search was executed in the National 
Center for Biotechnology Information database (http://​
www.​ncbi.​nlm.​nih.​gov).

2.4 � Rice seedling cultivation
After surface disinfection of rice seeds with 70% (v/v) 
EtOH and 5% (w/v) NaClO solution, the seeds were 
washed multiple times with deionized water until no 
chemical residues remained and placed in moist petri 
dishes for germination. Seed germination was held at 
25 ± 2 °C and 18/6 h light/dark cycle in a light incubator. 
The experiment was halted on the fifth day, and rice seed-
lings with similar germination growth were selected for 
the following rice seedling growth test. Seedlings were 
incubated in an incubator at 25 °C with 18/6 h light/dark 
cycle for 21 days. AFA and water were regularly supple-
mented during this period to maintain the suitable acidic 
growth environment for rice seedlings.

The feasibility of AS for agricultural production was 
verified through rice plant index measurements. Germi-
nationrate (%) was calculated by counting the number of 
rice seedlings at the sowing 5 d with reference to previ-
ous study. Finally, rice seedlings were recorded after 21 
days of seed sowing and subsequently when plants were 
harvested. Seedlings were washed with deionized water 
and harvested to measure height (above/below ground 
plant parts). The dry biomass of rice seedlings was calcu-
lated after drying at 50 °C for about 12 h.

2.5 � Characterization
The crystalline structures were identified by powder 
X-ray diffraction (XRD, Miniflex600, Japan Rigaku Cor-
poration, Japan). Nitrogen adsorption–desorption iso-
therms were used to detect surface area and porosity 
analyzer (ASAP 2020 HD88, Micromeritics, USA). The 
surface functional groups were measured on an fourier 
transform infrared spectroscopy (FTIR, Nicolet iS50, 
Thermo Fisher Scientific, USA). The morphologies and 
surface element composition were tested by scanning 

electron microscopy (SEM, SUPRA 55 SAPPHIRE, Carl 
Zeiss, Germany) equipped with mapping (550i, IXRF 
Systems, Inc). The macropore structures of ABS and AS 
were investigated by high-resolution X-ray tomography 
and related data analysis (CT, FF20CT, YXLON Interna-
tional GmbH, Germany).

2.6 � Statistics
Tests of homogeneity of variance were conducted, and 
separate one-way ANOVAs were performed to test for 
differences in treatments. Least significant difference 
(LSD) was used to make post-hoc comparisons between 
different treatments. Differences were considered signifi-
cant at p < 0.05. Statistical analyses were conducted using 
SPSS 19.0 software. Figures were created using Origin 
2016 and GraphPad Prism 9. Three or more replicates of 
experimental data were used for all error analyses.

3 � Results and discussion
3.1 � Component characteristics of anthropogenic soil
To define an optimal soil component through environ-
mental engineering approach is difficult, which mainly 
involves nutrient indicator regulation, the hard-to-con-
trol arrangement of minerals and organic matter, and 
more. Classical synthetic humus formation was reactively 
auto-neutralizing during the hydrothermal humifica-
tion reaction stages (Yang et al. 2019a; Wang et al. 2020). 
While in this study, the hydrothermal conversion reac-
tion was chosen to go through a hydrothermal humidifi-
cation-hydrothermal carbonization (HTH-HTC) process, 
where the length of the hydrothermal humification reac-
tion was controlled by restricting the amount of base, 
while the acidic hydrothermal carbonization dominated 
the reaction at the end. With alkaline digestion of the 
biomass, sugars were first decomposed into the hydroxy- 
and keto-acids, until the pH in the reaction dropped to 
acidic values, and then the number of carboxylic acids 
was set. Condensation continued, involving a majority 
of the as-formed organic acids and phenols, and the pH 
of the solution dropped further. The degraded fragments 
under went dehydration, polymerization, aromatization, 
and decarboxylation reactions, creating the hydrochar 
(Zhuang et  al. 2019; Cao et  al. 2021). The final product 
had an acidic pH of 4.85 (ABS-15:1) (Table S2), as it 
facilitated the effective nutrient uptake and prevention 
of wilt diseases for acid-loving rice seedlings. That was 
itentional, as usually mineral acids were added, and the 
as-created orgnic acids are degradable and increased sus-
tainability already in this first step. Morphologies of the 
original weak mineral soil and the as-built artificial black 
soil derived from conjugation with hydrothermal carbon 
species were revealed by SEM images (Fig. S1). The sur-
face of the weak soil particles was smooth and showed 

http://www.Majorbio.com
http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
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sheet-like fractures, while the as-prepared ABS mainly 
consisted of “cobble-like” particles with visible particle–
particle glueing and adherent hydrochar particles, lead-
ing to great increase in the content of soil organic matter 
(from 3.16 ± 0.24% in weak soil to 19.49 ± 1.40% in ABS) 
and soil organic carbon (from 0.76 ± 0.22 in weak soil to 
13.61 ± 1.18% in ABS). An initial approximation to deter-
mine potential mineralogical variations was done with 
XRD analysis. As presented in Fig. S2, for weak soil and 
artificial black soil samples, the locations of the dominant 
diffraction peaks match, namely at 20.85°, 26.64°, 36.54°, 
39.46°, 42.45°, 50.14°, 59.96°, and 68.14°, respectively, 
which could be attributed to SiO2 (PDF#98–000-0369). 
Some other corresponding peaks might be caused by 
either carbonates or silicates, such as CaCO3, Ca2(SiO4), 
CaMg(Si2O6), MgSiO3, Mg2(Si2O6), Mg2SiO4, Mg(SiO3) 
and Mg(SiO3) (Yang et al. 2020). FTIR spectroscopy (Fig. 
S3) revealed that ABS samples showed emerging charac-
teristic peaks at 2934 cm−1, 2856 cm−1, and 1698 cm−1 
when compared to weak soil. 2856 cm−1 and 2934 cm−1 
modes were generally attributed to the aliphatic stretch-
ing vibrations of -CH3 and -CH2, and peaks located at 
about 1698 cm−1 were caused by the stretching vibra-
tion of C = O bonds of -COOH and ketones (Yang et al. 
2019a), indicating that as-formed humic matters pro-
duced from hydrothermal humification were conjugated 
onto the primary soil particles. The absorption band at 
3400 cm−1 was related to vOH stretch of phenolic and 
hydroxyl C groups (Ndzelu et  al. 2021). The absorption 
peaks near 530 cm−1 exhibited the bending vibrations of 
Si–O-Al and Si–O-Mg bonds, and that near 460 cm−1 
belonged to Si–O-Si. Apparently, the original soil mineral 
composition and surface functional groups were basically 
maintained in the neighbourhood of the-strongly inter-
active humic acids. N2 adsorption–desorption isotherms 
(Fig. S4) described that both samples displayed a Type 
IV(a) isotherm with hysteresis loop of Type H4, accord-
ing to the classification of the IUPAC, which pointed to 
the existence of micro-mesoporous structure (Wang et al. 
2022). The pore size distribution displayed a consider-
able increase in pore volume and pore size for ABS-15:1 
(0.041 cm3/g and 7.24 nm) compared with that for weak 
soil (0.031 cm3/g and 4.57 nm) (Table S4). Even so, ABS-
15:1 showed the lower specific surface area, suggesting 
the filling of original mineral micropores by organic spe-
cies. The above findings revealed that an artificial black 
soil concentrate or masterbatch with a physical and 
chemical structure similar to natural soil had been pro-
duced, setting the chemical base for the further biological 
colonialization.

Fig. S5 and Fig. S6 show that straw is a necessary car-
bon source for the production of artificial black soil 
through hydrothermal humification-carbonization. The 

resulting mineral particles and hydrochar fractions of 
the artificial black soil have a higher content of soluble 
humic substances compared to the weak soil or the car-
bon-reinforced soil containing hydrochar (hydrothermal 
carbonization). It has been confirmed that the hydro-
thermal humification-carbonization process is similar to 
the natural soil-forming process. This process involves 
the generation of “carbon sinks” (artificial humic sub-
stance-mineral and artificial humic substance-hydrochar) 
through polymerisation or abiotic self-assembly, as well 
as the continuous dissociation of soluble humic sub-
stances, rather than direct exogenous carbon recharge 
and carbonaceous pyrolysis processes (Yang et  al. 2020, 
2019a, 2023). This is the key to the upgrade of anthropo-
genic soil properties, especially agronomic properties, 
with artificial black soil as the functional fraction.

To make a better distinction, artificial black soil 
directly obtained through hydrothermal humification-
hydrothermal carbonization was recorded as ABS, after 
that, artificial black soil was mixed with the weak soil 
in a certain ratio (10%, 30%, and 50% and incubated for 
a certain period of time for construction of anthropo-
genic soil, that is, the original weak soil was recorded 
as CK as a control experiment, and the other mixtures 
were recorded as AS-10, AS-30, and AS-50 according to 
the adulteration ratio in turn. After 30-day soil incuba-
tion with a dose of healthy soil microbiome and regular 
watering, anthropogenic soil gradually transitioned in 
appearance from yellow (original weak soil) to brown, 
dark brown, and black-like soil colour, with time and as 
the proportion of ABS addition increased (Fig. 2a). This 
implied that basic physicochemical properties and com-
position of anthropogenic soil significantly changed.

Soil organic matter content increased from 3.48 ± 0.22% 
(CK) to 4.68 ± 0.17% (AS-10), 8.69 ± 0.32% (AS-30), and 
11.53 ± 0.42% (AS-50), and soil organic carbon content 
increased from 0.83 ± 0.18 (CK) to 1.99 ± 0.21 (AS-10), 
5.02 ± 0.15 (AS-30), and 7.21 ± 0.09 (AS-50) (Fig.  2b, c). 
This was attributed to the direct carbon intakes from 
HTH-HTC, but also significantly to the biologically 
amplified carbon sequestration effect of AHS that had 
been evidenced in our previous studies (Tang et al. 2021, 
2022).

The empirical critical values of soil organic carbon 
concentration were universally perceived to be 2%, 
below which soil microbial diversity and crop yield 
were linearly reduced, and organic carbon content 
in AS was close to or above 2%, which was necessary 
for seedling substrates without the secondary incor-
poration of boosters (Stockmann et  al. 2015). It had 
been reported that, unlike biochar, the level of avail-
able phosphorus may somewhat “regress” with hydro-
char application for pH effects and physical adsorption 
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phenomena (Tarf et al. 2022; Cervera-Mata et al. 2021). 
There was a slight decreasing trend of available phos-
phorus content in AS-10 ~ 50 that contained hydro-
char, decreasing from 26.26 ± 0.42426 mg/kg (control 
group) to 25.10 ± 1.16 mg/kg (AS-10), 22.81 ± 1.48 mg/
kg (AS-30), 22.06 ± 1.24 mg/kg (AS-50) (Fig. 2d), which 
pointed to solubilized phosphate escaping into bulk 
liquid product owing to poor soil mineral and biomass 
fraction structure eroded during hydrothermal humi-
fication-carbonation, as previously demonstrated, as 
proven previously (Yang et  al. 2019b; Du et  al. 2020). 
And related studies had shown that the increase in 
organic carbon content may also result in available 
phosphorus content reduction, i.e., microbial activ-
ity effect (Wei et  al. 2021). What was exciting is that, 
available phosphorus level in anthropogenic soil was 
sufficient, as anthropogenic soil already contained the 
critical fertility level (20 mg/kg) for most field crops, 
and artificial humic substances will be returned to the 
anthropogenic soil as “acid regulators” and “nutrients” 
as needed during the rice seedling planting period, fur-
ther compensating for the loss of available phosphorus. 
Nitrate and ammonium nitrogen were the main inor-
ganic nitrogen species in the soil. As observed, nitrate 
nitrogen in AS-10 ~ 50 gradually increased to reach the 

same levels as CK (5.19 ± 0.18 mg/kg), while ammonium 
nitrogen significantly increased from 8.73 ± 0.25 (CK) to 
9.80 ± 0.60 mg/kg, 12.32 ± 0.32 mg/kg, and 14.32 ± 0.75 
mg/kg (Fig.  2e), suggesting that anthropogenic soils 
create ammonia by metabolic activities, well above 
the previously contained nitrate content of the weak 
soil. HTH-HTC derivatives, through chemical and bio-
logical pathways, played the decisive contribution for 
ammonium nitrogen fixation, forming the more stable 
NH4

+-artificial humic structure through complexation, 
and furthermore enhancing microbial nitrogen fixation 
activity (Xu et  al. 2021, 2019), also as demonstrated 
later in this paper. Morphologies of anthropogenic soil 
obtained by mixing the masterbatch with the poor soil 
could be clearly followed by SEM images, which was 
similar to ABS sample, as shown in Fig. S7 , S8. Results 
of SEM-Mapping analysis, typified with AS-50, showed 
that the surface of sample was dominated by C (29.56 
wt%, 41.33 at%), O (38.10 wt%, 40.00 at%), and Si (20.00 
wt%, 11.96 at%) elements (Fig. 2f ), and small amounts 
of Mg, Al, Fe, K, and Ca elements (Fig. S9). The above 
results already suggested that the reconstructed seed-
ling soils had superior properties and high fertility, 
attributed to reconstruction of a humic layer, leading to 
refined soil texture and available nutrients.

Fig. 2  Physical indicators of the reconstructed anthropogenic soil. The appearance (a), total organic matter (b), total organic carbon (c), available 
phosphorus (d), and inorganic nitrogen (nitrate and ammonium nitrogen) (e) of CK, AS-10, AS-30, and AS-50 samples; and (f) SEM-mapping 
of AS-50
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3.2 � Optimization of anthropogenic soil mechanical 
structure

Soil architecture, which has an intimate correlation to 
soil ecological functions, surface water and energy fluxes, 
and plant growth. Bulk density (BD) and water holding 
capacity (WHC), as soil structure parameters, are the 
first simple measures to quantify the hydrological water 
transfer function of the presented synthetic soil (Ver-
heijen et  al. 2019). Figure  3a-d presents the changes in 
maximum WHC and BD values in CK and AS samples. 
Specifically, there was a significant increase in gravi-
metric maximum WHC for AS-30 (69.72 ± 1.40%) and 
AS-50 (80.03 ± 1.97%) as compared to CK (53.72 ± 2.97%) 
and AS-10 (56.28 ± 1.46%) (Fig. 3a). The BD of AS visibly 
decreased from 1.05 ± 0.033 g/cm3 (CK) to 1.04 ± 0.026 g/
cm3 (AS-10), 0.89 ± 0.013 g/cm3 (AS-30), and 0.804 ± 0.007 
g/cm3 (AS-50). This was also pointing to the ability of 
carbon species to stabilize interstitial pores, which in 

return improved gas transport through an interconnected 
porous soil texture.

From Fig. 3c, d, it could be concluded that the percent-
age of ABS in AS was the main factor affecting the maxi-
mum WHC and minimal BD. This demonstrated that 
ABS did not only effectively enhance the nutrient avail-
ability but also regulated the water-holding and water-
retention capacity of AS, which was significantly related 
to crop growth and soil structure optimization.

The pore system was analysed by BET (on the 
nanoscale) and CT scanning techniques (on the micro- to 
macroscale). As shown in Fig. S10 and Table S5, the spe-
cific surface area and pore volume of CK and AS-10 ~ 50 
gradually decreased from 39.3419 m2/g (CK) to 35.30 
m2/g (AS-10), 27.67 m2/g (AS-30), 17.67 m2/g (AS-50), 
and from 0.041 to 0.038 cm3/g (AS-10), 0.036 cm3/g (AS-
30), and 0.031 cm3/g (AS-50), respectively. The acces-
sible pore size tended to significantly increase at the 

Fig. 3  Structural indicators of the reconstructed anthropogenic soil. The gravimetric maximum water holding capacity (a), bulk density (b), changes 
in gravimetric maximum water holding capacity (c), and changes in bulk density (d) of control group CK, AS-10, AS-30, and AS-50; (e) Visualization 
of the AS-50 cores; (f) Pore diameter and volume distribution of AS-50 cores
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nanoscale, especially for AS-30 (4.86 nm) and AS-50 
(5.98 nm), this, however, just reflected the organic filling 
of smaller micropores.

As shown in Fig. S10, CK and AS-50 samples were 
selected for further CT characterization and related anal-
ysis. The pores of AS-50 were relatively uniform and well-
developed, while those of CK are mostly at the lower end 
of accessibility. There were also obvious discrepancies in 
image grayscale, with a lower density of AS-50 than CK. 
Specifically, the porosity of AS-50 (11.65%) was found 
much higher than that of CK (4.87%), especially in the 
proportion of larger pore diameters and pore volumes of 
100–1000 μm. Similarly, the proportion of pore volumes 
in the range of 0.02–0.5 mm3 was larger than that of CK 
(Fig. 3e, f ). The above results indicated that structure of 
anthropogenic soil, especially the macropore structure, 
had been effectively improved, presumably by intercon-
necting primary particles to humic-bridged aggregated 
which then could not densely pack, which in turn regu-
lated the soil habitat function.

3.3 � Reconstruction of microbial systems in anthropogenic 
soil

To monitor the assumed development of bacterial and 
fungal communities in a series of anthropogenic seed-
ling soils after 30-day incubation, the samples were also 
analyzed based on 16S rRNA and ITS high-throughput 
sequencing techniques. Veen graph results showed that 
OTU numbers of soil bacteria and fungi in the control 
and each experimental groups ranged from 918 to 482 
and 401 to 231, respectively, at the 97% sequence simi-
larity level, with the highest number of OTUs in the CK 
group, while those in AS-10, AS-30, and AS-50 treat-
ments decreased in OUT number with the increased of 
added AS (Fig. S12). The structural changes of bacterial 
and fungal communities within the experimental groups 
were visualized through α diversity analysis (Fig.  4a, 
b). The bacterial community richness and diversity of 
AS-10 showed no significant difference compared to 
CK (p > 0.05) and was even slightly higher. The bacterial 
community richness of AS-50 was significantly lower 
than those in other experimental groups (p < 0.05), and 
the diversity in AS-50 was also significantly lower than 
that in the AS-10 experimental group (p < 0.05). The 
changes of the soil fungal α-diversity were shown in 
Fig. 4b, and there was no significant difference (p < 0.05) 
for fungal diversity among various experimental groups. 
Species richness in AS-50 was significantly lower than 
those in AS-10 and AS-30 (P < 0.05). The taxonomic 
composition of bacteria in the soil was dominated by 
three phyla, following the order of Proteobacteria, Act-
inobacteria, and Bacteroidota (Fig.  4c, Table S6; Zou 
et  al. 2018). Compared with the weak soil, the relative 

abundance of Proteobacteria in AS significantly increased 
(77.71 ± 2.11% ~ 86.67 ± 3.00% versus 58.22 ± 2.11% in 
CK), whereas the relative abundance of Actinobacte-
ria (9.65 ± 0.89% ~ 14.92 ± 0.71% versus 24.69 ± 3.63% 
in CK) and Bacteroidetes (0.97 ± 0.45% ~ 2.05 ± 0.81% 
versus 5.73 ± 1.56% in CK) significantly decreased. The 
result implicated that the available nutrients in AS (espe-
cially AS-30 and AS-50) may preferentially support the 
growth of coprophilic bacteria (such as Proteobacteria) 
(Zou et al. 2018; Dai et al. 2018). AS provided a favora-
ble nutritional habitat for bacterial metabolism (Yang 
et  al. 2021b). For fungi, the leading phylum composed 
of AS was Ascomycota (96.87 ± 1.32% ~ 99.23 ± 3.87%), 
which exceeded the percentage of weak soil. Bacteroi-
dota and Glomeromycota showed decreasing trends in 
AS, when compared to weak soil (Fig. 4d, Table S7). Asco-
mycota contributed to the degradation of organic sub-
strates, and the highest abundances were found in AS-30 
(98.65 ± 6.81%) and AS-50 (99.23 ± 3.87%) (Yang et  al. 
2021b). Ascomycota were also “sporeshooters” and mul-
tiplied asexually very rapidly.

On the other hand, the composition and relative abun-
dance of bacteria and fungi in AS at the OTU level sig-
nificantly changed, and excitingly, some microorganisms 
that increased soil nutrients or promoted crop growth 
appeared or increased in proportion. OTU995, which 
occurred in AS, matched Caballeronia calidae, a plant 
growth promoter (Kirui et al. 2022). Besides, ammonium 
nitrogen was as-known the most sensitive nitrogen frac-
tion made by nitrogen-fixing microorganisms, and worth 
noting, Herbaspirillum frisingense (OUT114), a nitrogen-
fixing bacterial species, showed favored growth in AS, 
thus a posteriori explaining the increased ammonia con-
tent (Xu et al. 2019; Kirchhof et al. 2001). Also, OTU486, 
Humicola, a beneficial fungus, was more abundant in AS 
(AS-30 > AS-50 > AS-10) as compared to CK (Lang et al. 
2012). The above results indicated that microbial com-
munities in anthropogenic soil had been reconstituted, 
and the pace and capacity of reconstruction were obvi-
ously related to the amount of ABS. Especially the fun-
gal species α diversity could be rapidly built up in a short 
time (30 days). This can be achieved through the “graft-
ing” of microbial communities from weak soil to “diluted” 
anthropogenic soil. At the same time, some microorgan-
isms that facilitate plant growth increased in abundance 
or even firstly emerged above their detection threshold.

3.4 � Biometric attributes of rice seedlings in anthropogenic 
soil ‑based substrates

This rich microbial community, together with higher 
amounts of soluble P and ammonia created by bacte-
rial operations, will stimulate plant growth. In Fig.  5a, 
b and Fig. S13, a significant promotion effect on seed 
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Fig. 4  Microbial indicators of reconstructed anthropogenic soil. The bacterial and fungal species composition diversity (a-b), species composition 
at the phylum level (c-d), one-way ANOVA for species composition at the OTU level (e–f) of CK, AS-10, AS-30, and AS-50 samples
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germination and seeding growth could be quantified in 
the diverse engineering soils. Note that in the present 
set of experiments, no mineral acids, fertilizer, or other 
chemical boosters were added. The experiments aimed to 
replicate natural conditions as closely as possible, except 
for using an engineered soil. ABS introduction could 
improve seed germination from 56.89% (CK) to 81.78%, 
76.44%, and 76.02% in all three treatment groups (AS-10, 
AS-30, and AS-50). On top, noticeable increase of seed-
ling height and total chlorophyll content were observed 
for seedlings grown in anthropogenic seedling soils. Spe-
cifically, the average seedling height was 14.61 ± 0.64 cm 
in CK, and increased to 17.14 ± 1.32, 19.54 ± 1.01, and 
17.24 ± 0.82 cm in AS-10, AS-30, and AS-50 samples, 
respectively (Fig.  5c). Total chlorophyll content of seed-
lings grown in control group was 9.51 ± 0.22 mg/L, while 
those in experimental AS-10, AS-30 and AS-50 samples 
increased to 12.59 ± 0.44, 11.62 ± 0.87 and 11.32 ± 0.68 
mg/L, respectively. Dry/fresh weights of above/below 
ground parts of rice seedlings were also measured to 
further evaluate the actual production effects in AS 
groups (Fig.  5d). Broadly corresponding to the above 
results, the fresh weight of above/below ground parts 
in AS-10, AS-30 and AS-50 group was increased to 
1.61 ± 0.18/0.91 ± 0.08 g, 1.59 ± 0.21/0.96 ± 0.10 g, and 
1.54 ± 0.12/0.82 ± 0.09 g, respectively, as compared to 

1.33 ± 0.14 / 0.80 ± 0.05 g for seedlings grown in CK 
group. Compared to dry weight of above/below ground 
parts of 0.30 ± 0.07 / 0.18 ± 0.04 g for seedlings grown 
in CK group, the weights were 0.38 ± 0.05/0.20 ± 0.03 g, 
0.42 ± 0.04/0.21 ± 0.02 g, and 0.38 ± 0.02/0.17 ± 0.03 g for 
AS-10, AS-30 and AS-50 groups, respectively.

Anthropogenic soil promotes better biometric attrib-
utes, which reply both on superior physical–chemi-
cal functionality and soil microbial activity, such as an 
remarkable increase in ammonium nitrogen, gener-
ated by identified nitrogen fixing bacteria. Ammonium 
ions were actively taken up by the root system through 
ammonium transport proteins and then assimilated as 
the amide residue of glutamine (Gln) through the reac-
tion of glutamine synthetase (GS) in the root (Tabuchi 
et  al. 2007). This matched with the results of previous 
study that the main source of inorganic nitrogen for rice 
plants grown in rice soils was ammonium nitrogen from 
the soil (Tabuchi et  al. 2007; Luo et  al. 2022). Further-
more, correlation analysis revealed that soil ammonium 
nitrogen concentration, rather than pH value or nitrate 
nitrogen concentration, determined the composition of 
the soil bacterial community (Nie et  al. 2018). The bio-
chemical promotion of rice seedlings was regulated by 
the multiple constituent-structure of anthropogenic 
soil rather than a single nutrient or water supply/stress 

Fig. 5  Rice seedling growth indicators of reconstructed anthropogenic soil. (a) Scheme of the construction process of SS-10 ~ 50; (b) Seedling 
germination rate in CK and SS-10 ~ 50; (c) Rice seedlings of plant growth, plant height, and total chlorophyll content in CK and SS-10 ~ 50; (d) Dry 
weight/fresh weight of above/below ground portion of rice seedlings
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mechanism. Anthropogenic soil promotes better bio-
metric attributes, which reply both on superior physi-
cal–chemical functionality and soil microbial activity, 
such as a remarkable increase in ammonium nitrogen, 
generated by identified nitrogen fixing bacteria. This was 
verified through the fact that a composition variation of 
anthropogenic soils (AS-10, AS-30, and AS-50) changes 
germination rate, plant height, and total chlorophyll con-
tent. This was on top validated through application of AS 
containing the highest organic carbon fraction (AS-50) 
in large-scale practical agricultural production (a high 
carbon content was chosen to allow high dilution after 
application, typical for freeland experiments). Fig. S14 
showed that AS promoted the growth of rice seedlings 
(30 days) and rice roots (150 days), as well as increased 
the water stability of soil aggregates. This AS and the cou-
pled microbiome delivered with the seedlings to the farm 
land and co-applied with the seedling, which ensures the 
“in-situ” nutrient supply for rice seedlings during the fol-
lowing periods. AS was thereby the source of sustainable 
agriculture for providing the organic matter, mineral ele-
ments and others necessary inputs to top soil.

4 � Conclusions
The objective of this study was to explore an artificial 
black soil made by hydrothermal process based on bio-
mass side products for the amendment of weak mineral 
soil and the promotion of the growth of rice seedlings. 
Anthropogenic soil thereby replaces peat or other 
refined seedling soils and makes their acidification by 
sulfuric acid superfluous, i.e., it clearly contributes to a 
more sustainable agriculture, as artificial fulvic or other 
organic acids are food for microorganisms and vanish 
afterwards (in contrast to sulfuric acid, solid acids, and 
commercial preparations, which are added into agri-
cultural soils but do not degrade). Anthropogenic soil 
makes mixing of this conjugated mineral-carbon primer 
and standard soil shown a remarkable decrease in bulk 
density, along with significant increases in total organic 
matter (4.68 ± 0.17% ~ 11.53 ± 0.42%), total organic car-
bon (1.99 ± 0.21% ~ 7.21 ± 0.09%), ammonium nitrogen 
(9.80 ± 0.60 mg/kg ~ 14.32 ± 0.75 mg/kg), macropore 
porosity, and macropore diameter/volume. The results 
suggested that AS-30 possessed excellent physicochemi-
cal and agronomic properties, which can be used as an 
essential reference for subsequent studies on construct-
ing anthropogenic soils. Promotion of plant growth 
was also clearly observed, while metagenomics data 
illustrated the quick recovery of the microbial systems, 
especially the abundance of fungi, but also the occur-
rence and growth of plant supporting bacteria. As such, 
a fertile soil environment could be reconstituted in only 
4 weeks, while natural recovery would take much longer. 

This simple and universal “terraforming” technology (or 
refined versions of it) will not only help to bring agricul-
ture into a Moon or Mars colony, but might also be nec-
essary to sustain human life on Earth.
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