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Abstract 

Enhancing soil organic carbon (SOC) and aggregate stability is pivotal for maintaining soil health and ensuring agri-
cultural sustainability. However, conventional organic amendments often exhibit suboptimal efficiency in achieving 
these goals. Hydrochar, synthesized via hydrothermal carbonization (HTC), offers a promising solution by integrating 
labile and recalcitrant carbon fractions to synergistically address these challenges. However, its mechanisms of action 
remain not fully understood. In the present study, a microcosmic incubation experiment was conducted to evalu-
ate the short-term impacts of hydrochar on SOC sequestration and soil aggregation in comparison with biochar 
and straw in a purple soil (Entisol). Hydrochars derived from maize straw (SH), pig manure (PH), and Zanthoxylum stalks 
(HH) were also compared to assess feedstock-driven variability. The results demonstrated the superior performance 
of hydrochars, particularly those derived from Zanthoxylum stalks, which significantly increased the mean weight 
diameter (MWD) by 70–100% and SOC content by 143–149%, outperforming biochar and straw. Specifically, hydro-
char-originated carbon persisted primarily as particulate organic matter (POM) and accumulated in macro-aggregate, 
while shifts in microbial communities contributed to SOC stabilization. In comparison, soil aggregation was driven 
by labile carbon fractions (e.g., dissolved organic carbon, DOC) and soil microorganisms, specifically Actinobacte-
ria and Ascomycota. Feedstock properties, such as the C/N ratio and lignin content, modulated the effectiveness 
of hydrochar as a soil amendment. Notably, stalk-derived hydrochar exhibited superior carbon retention (12% total 
carbon loss vs. 30–44% for other amendments) and aggregate stability due to its recalcitrant lignin structure. Nutrient 
content and ratio further influenced these outcomes, with manure-derived hydrochar promoting microbial biomass 
carbon (845 mg kg−1 vs. 350 mg kg−1 in control), while stalk-derived hydrochar was more effective at optimizing 
carbon sequestration. These findings highlighted the dual role of hydrochar in enhancing soil structure and SOC 
sequestration, with feedstock selection critically determining functional priorities. Such insights could provide valu-
able guidance for tailoring hydrochar production and application to improve agricultural sustainability through soil 
quality improvement.
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Highlights 

•	 Hydrochars best enhanced soil aggregation and C sequestration in organic amendment trials.
•	 Hydrochars outperformed stalk and biochar in boosting soil structure and C storage.
•	 Mechanisms of hydrochar-induced soil aggregation and C sequestration were proposed.
•	 Stalk-derived hydrochar maximized soil aggregation and C sequestration over other feedstocks.
•	 DOC and TC in hydrochars are key mediators of soil structural and C storage changes.

Keywords  Soil quality, Organic input, Hydrochar, Carbon-deficient cropland, Carbon fraction, Soil aggregates

Graphic Abstract

1  Introduction
Soils are the cornerstone of global food security, sup-
porting over 94% of global food production (Lal et  al. 
2021; Richter 2021). As such, enhancing and preserv-
ing soil health has emerged as a central pillar of mod-
ern agricultural policy frameworks (Hu et al. 2020; Qiao 
et  al. 2022). Soil organic carbon (SOC), a critical deter-
minant of soil fertility, regulates crop productivity by 
stabilizing nutrient cycling and structural integrity (Beil-
louin et  al. 2023; Li et  al. 2024). According to Ma et  al. 
(2023a, b), crop yields exhibit positive correlations with 
SOC content up to specific plateau thresholds, which are 
43.2–43.9  g  kg−1 for maize, 12.7–13.4  g  kg−1 for wheat, 
and 31.2–32.4  g  kg−1 for rice. However, the SOC levels 
in agricultural soils often fall below these optimal thresh-
olds, exacerbating productivity constraints (Oldfield 
et al. 2019; Ma et al. 2024a). Meanwhile, soil aggregates, 
the structural units of soil, play a critical role in sustain-
ing soil health, ecosystem sustainability, and agricultural 

yields (Ma et  al. 2024b; Tian et  al. 2022). For example, 
Cheng et  al. (2023) found that improving soil structure 
through organic substitution and a concomitant decrease 
in sodicity favored sunflower growth (16–19% increase in 
plant height) and grain yield (8–9% improvement) in arid 
saline areas.

Exogenous organic amendments, such as natural 
organic residues (e.g., crop residue and livestock manure) 
and engineered materials (e.g., biochar and artificial 
humic substances), are critical for enhancing soil qual-
ity and function (Beillouin et al. 2023; Huang et al. 2024). 
Despite their recognized utility, their efficiencies in SOC 
formation and soil aggregation remain unsatisfactory 
(Wang et al. 2022; Ma et al. 2024b). For example, the effi-
ciency of crop straws in SOC formation averages 20.5%, 
and that of livestock manure ranges from 19.1% to 27.9% 
(Li et al. 2023a; Ren et al. 2024). Biochar, though highly 
stable for long-term carbon sequestration, often fails to 
significantly enhance soil aggregation, particularly in 
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sandy soils, where its structural benefits remain con-
strained (UI Islam et  al. 2021; Ma et  al. 2024b). Col-
lectively, these limitations highlight the urgent need 
for engineered amendments capable of synergistically 
improving both SOC stabilization and soil aggregate for-
mation to address current agronomic inefficiencies.

Hydrochar, a carbon-rich solid material produced 
via hydrothermal carbonization (HTC) of wet organic 
biomass at temperatures between 180 and 260  °C, has 
recently emerged as a promising engineered amend-
ment for solution for synergistically enhancing soil car-
bon sequestration and structural stability (Islam et  al. 
2021; Khosravi et al. 2022; Al-Nuaimy et al. 2024). Unlike 
conventional biochar, hydrochar uniquely integrates 
labile and recalcitrant carbon fractions (Kumar et  al. 
2020; Naisse et  al. 2015), alongside abundant oxygen-
containing functional groups (Fan et  al. 2022). These 
intrinsic properties enable hydrochar to simultaneously 
expand soil carbon pools and improve aggregate stability 
(Bever and Coronella 2024; Rex et  al. 2015; Wang et  al. 
2024a). For example, Yan et al. (2024) reported a striking 
78–253% increase in SOC following hydrochar applica-
tion (1%, w/w), outperforming unprocessed feedstocks 
by an order of magnitude. Furthermore, Heikkinen et al. 
(2019) and Tarf et al. (2022) found that hydrochars were 
more effective in promoting the formation of water-
stable aggregates in soils compared to chars produced 
from slow pyrolysis or torrefied materials. Despite these 
advantages, field validation and mechanism exploration 
of hydrochar performance remain sparse. Influenced by 
feedstock and HTC processing parameters, the composi-
tion and properties of hydrochars show high variability 
(Bento et al. 2020; Xiong et al. 2024), further complicat-
ing their impacts of hydrochars on soil processes (Khos-
ravi et  al. 2022). For instance, Heikkinen et  al. (2019) 
found that hydrochar efficacy in enhancing aggregate 
stability followed the sequence willow (HC-WW) > coffee 
cake (HTC-CC) > Scots pine bark (HTC-SPB) > brewery 
residue (HTC-BRE).

To address these knowledge gaps, we designed a 
microcosm incubation experiment to: (1) compare 
the dual efficiency of hydrochar in enhancing soil car-
bon sequestration and aggregate stability relative to 
natural (straw) and pyrolyzed (biochar) amendments; 
(2) evaluate feedstock-driven variability in hydrochar 
performance using different feedstocks for HTC, such 
as crop straw, livestock manure, and tree stalks; and 
(3) elucidate mechanisms linking hydrochar prop-
erties and soil carbon dynamics as well aggregation 
processes. We hypothesize that: (1) hydrochar will 
exhibit superior dual efficacy in expanding soil car-
bon pools and promoting aggregate formation relative 
to other organic amendments; (2) the performance of 

hydrochar depends greatly on its carbon fraction com-
position and physicochemical traits; and (3) the labile 
carbon fractions in hydrochars enhance aggregate for-
mation and microbial-derived carbon accumulation, 
while recalcitrant fractions promote SOC persistence 
via chemical stability and physical protection within 
macroaggregates. We believe that the results of this 
study will broaden the hydrochar application in soil 
amendment and provide valuable guidance for tailoring 
hydrochar production and application to improve agri-
cultural sustainability with enhanced soil health.

2 � Materials and methods
2.1 � Soils and organic amendments
Soil samples for this  study were collected from a sor-
ghum field in Jiangjing, Chongqing, China (106.219 E; 
29.0429 N). The soils in this area are classified as purple 
soil (characterized by high calcium carbonate content 
and distinct red-to-purple coloration), which falls under 
the Pup-Orthic Entisols category in the Chinese taxon-
omy or Regosols in the FAO classification system. These 
soils are prevalent in the Sichuan Basin and are known 
for their moderate fertility and susceptibility to erosion, 
making them a critical focus for sustainable management 
strategies.

Prior to the sorghum-growing season, surface soil 
samples were randomly collected from five locations 
across the field using a stainless-steel shovel. The sam-
ples were thoroughly mixed to form a composite sam-
ple and transported to the laboratory promptly. After 
air-drying, the soil was ground and passed through a 
2-mm sieve for subsequent incubation experiments. The 
basic physicochemical properties of the soil employed 
were as follows: pH 8.3 ± 0.08, SOC 14.1 ± 0.22  mg  kg−1 
soil, total N 0.87 ± 0.02  mg  kg−1 soil, C/N 16.2, total P 
0.455 ± 0.04 mg kg−1 soil, total K 19.0 ± 0.24 mg kg−1 soil, 
sand content 34.6%, clay content 35.6%, and silt content 
29.8%.

Five types of organic amendments were used: maize 
straw (SK), biochar derived from maize straw (SP), 
hydrochar derived from maize straw (SH), pig manure 
(PH), hydrochar derived from Fagara (Zanthoxylum 
bungeanum) branch stalk (HH). SP was prepared by 
pyrolyzing maize straw at 550  °C for 2 h using a muffle 
furnace (Xiao et al. 2018). The hydrochars were prepared 
at 220  °C for 1  h using Teflon-lined autoclave reactors 
(50  ml). Detailed procedures regarding the preparation 
of hydrochar can be found in our previous works (Xiong 
et al. 2024). Selected properties of these amendments are 
summarized in Table  1. Before incubation, all organic 
amendments were oven-dried and subsequently ground 
to pass through a 0.25-mm sieve.
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2.2 � Microcosmic incubation experiment
To compare the effects of natural biomass, biochar, and 
hydrochar on soils and assess the performance differ-
ences among various hydrochars, two microcosm incu-
bation experiments were conducted concurrently. These 
experiments were designed with quadruplicate treat-
ments by mixing different organic amendments with 
soil at a rate of 2.5% (w/w) based on dry weight (Fig. 1). 
Specifically:

Experiment 1: included maize straw (SK), biochar 
derived from maize straw (SP), and hydrochar derived 
from maize straw (SH).

Experiment 2: included hydrochar from maize straw 
(SH), pig manure (PH), and hydrochar from Fagara (Zan-
thoxylum bungeanum) branch stalks.

Approximately 100  g of the soil-organic amendment 
mixture was transferred into 300-mL airtight glass jars. 
The soil moisture was adjusted to 60% of the water-hold-
ing capacity using deionized water. Each jar was sealed 
with Parafilm® perforated with several holes to allow air 
circulation, and incubated in darkness at 25  °C. Deion-
ized water was added periodically to maintain consistent 
soil moisture content despite limited evaporation losses. 
A control treatment without organic inputs was also 
included for comparison. After 30 days of incubation, all 
samples were harvested destructively for further analysis. 
The duration of the incubation period was chosen based 
on previous studies (Watson et  al. 2021; Wang et  al. 
2023a). Each soil sample was divided into three subsam-
ples: (1) for analysis of microbial biomass carbon (MBC) 

Table 1  The basic properties of organic amendments used in the presented study

– means not analyzed

Organic input Total C (%) Total N (%) C/N DOC (mg g−1) Humic substance (%) Humic acid (%) Fluvic acid (%) HA/FA

Maize straw (SK) 35.10 ± 1.74c 0.87 ± 0.20c 42.0 15.83 ± 0.65c – – – –

Maize straw biochar (SP) 49.80 ± 1.71a 0.76 ± 0.05c 65.5 4.04 ± 0.35d – – – –

Maize straw hydrochar 
(SH)

41.87 ± 2.26b 0.73 ± 0.13c 58.1 30.6 ± 2.30a 17.4 ± 0.44b 11.8 ± 0.78 5.63 ± 0.59b 2.11 ± 0.36

Pig manure hydrochar 
(PH)

25.50 ± 3.44d 1.99 ± 0.08a 12.8 28.1 ± 1.74a 15.3 ± 0.94b 9.72 ± 0.63 5.54 ± 0.83b 1.78 ± 0.32

Fagara stalk hydrochar 
(HH)

48.00 ± 1.34a 1.31 ± 0.07b 36.6 22.8 ± 1.27b 22.8 ± 1.45a 11.5 ± 0.90 8.30 ± 0.67a 1.75 ± 0.10

Fig. 1  Experimental setup and workflow of the microcosm incubation experiments with different organic amendments
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and dissolved organic carbon (DOC), (2) for the assess-
ment of major soil properties, including total nitrogen 
(TN), SOC and SOC fractions (i.e., particulate organic 
matter (POM) and mineral-associated organic mat-
ter (MAOM)), soil aggregate fractions, and contents of 
amino sugar and lignin phenol, and (3) for DNA extrac-
tion to analyze microbial communities.

Simultaneously, CO2 emission fluxes and cumulative 
CO2 emissions were quantified following the methods 
described in our previous study (Xiao et al. 2018). Briefly, 
5 g of soil or soil-organic amendment mixture was placed 
into 50-mL borosilicate vials equipped with rubber septa 
and incubated at 25 °C for 30 days. Headspace CO2 con-
centrations were measured on days 2, 4, 6, 8, 14, 21, and 
28 using gas chromatography (Agilent 7890 B, Agilent 
Technologies Inc., USA) with a flame ionization detector 
(Model 3800, Varian Inc., Walnut Creek, CA, USA). After 
each sampling event, the vials were flushed with fresh air 
to continue the incubation process. CO2 emission fluxes 
and cumulative CO2 emissions were calculated using the 
following equations (Dong et al. 2023):

where F is the CO2 emission flux (mg kg−1 soil  day−1), ρ 
is the standard gas concentration of CO2, ΔC is the dif-
ference in CO2 levels between samples and the control 
after a certain incubation period, V is the volume of the 
incubation flask (mL), T is the incubation temperature 
(°C), W is the dry weight of the soil (kg), C is the cumula-
tive CO2 emission (mg kg−1), (ti+1 − ti) is the time interval 
between two adjacent measurements, and n is the total 
number of measurements.

2.3 � Soil organic carbon and its aggregation distribution 
analysis

2.3.1 � Determination of soil organic carbon and its 
fractionation

The SOC content was quantified using the K2Cr2O7 
oxidation-titration method as described by Liu et  al. 
(2014), while the TN content was determined by 
dry combustion using an elemental analyzer (Vario 
EL iii, Elementar GmbH) (Chen et  al. 2021). Micro-
bial biomass carbon (MBC) was analyzed using the 
fumigation-extrication method (Bian et  al. 2024). 
DOC was extracted by shaking soil samples with 
deionized water at a ratio of 1:10 (w/v) for 24  h, fol-
lowed by filtration (<0.45  μm) and measurement with 
a Shimadzu TOC-VCPN analyzer (Shimadzu, Japan). 

(1)F = ρ ×�C × V × 273/(273+ T )×W

(2)C =

n∑

i=1

(Fi + Fi+1)/2× (ti+1 − ti)× 24

Readily oxidizable carbon (ROC) was assessed using a 
333  mmol  L−1 KMnO4 oxidation method (Chen et  al. 
2012). Furthermore, a 3-day incubation experiment was 
conducted to further evaluate the stability of SOC by 
measuring soil respiration rates and cumulative CO2 
emissions (Zhang et al. 2022).

For the persistence analysis of SOC, air-dried soil 
samples were separated into operational physical frac-
tions, i.e., particulate organic matter (POM) fraction 
and mineral-associated organic matter (MAOM) frac-
tion using 5 g  L−1 sodium hexametaphosphate, follow-
ing the methods described by Bian et  al. (2024) and 
Yu et  al. (2022). The carbon content in both fractions 
was determined using the K2Cr2O7 oxidation-titration 
method. The relative contributions of POM-C (i.e., 
POC) or MAOM-C (i.e., MAOC) to total SOC were 
calculated as follows (Wang et al. 2023b):

where MPOM/MAOM is the mass proportion of POM or 
MAOM, CPOM/MAOM denotes the carbon content in each 
fraction, and RPOC/MAOC indicates the relative contribu-
tion of POC or MAOC to total SOC, respectively.

2.3.2 � Soil aggregate distribution and stability assessment
Soil aggregates were fractionated into three size classes: 
macroaggregates (2–0.25 mm), microaggregates (0.25–
0.053 mm), and silt plus clay-size particles (<0.053 mm) 
through the wet-sieving method (Six et  al. 1998). The 
separated fractions were subsequently oven-dried at 
40  °C. Aggregate stability was evaluated by calculating 
the mean weight diameter (MWD) using the following 
formula (Liu et al. 2014):

where Fi is the mean diameter of aggregates remaining 
on the respective sieves (%), Di is the mean diameter of 
aggregates remaining on the respective sieves (mm), 
and n denotes the number of sieves used for aggregate 
separation.

The SOC content was also determined for all soil 
aggregate fractions, and the distribution of SOC at the 
aggregate scale was calculated as follows:

where Maggregate_i is the mass proportion of aggre-
gate i, Caggregate_i is the carbon content in aggregate i, 
and Raggregate_i is the proportion of C in soils for aggregate 
i.

(3)
RPOC/MAOC = (MPOM/MAOM × CPOM/MAOM)/SOC

(4)MWD =

n∑

i=1

Fi × Di

(5)Raggregate_i = Maggregate_i × Caggregate_i/SOC
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2.3.3 � Amino sugars and lignin phenols analysis
2.3.3.1  Analysis of  amino sugars  Amino sugars in the 
soil were extracted and quantified using gas chromatogra-
phy following the methods outlined by Bian et al. (2024). 
The concentrations of glucosamine (GluN), galactosamine 
(GalN), monoamine (ManN), and muramic acid (MurA) 
were measured and summed to represent the total amino 
sugar content. The fungal-derived and bacterial-derived C 
content was subsequently calculated using equations pro-
posed by Liang et al. (2019):

where GluN and MurA are the quantities of GluN and 
MurA in soils (mg  kg−1 soil), 179.2 and 251.2 are their 
respective molecular weights, and 9 and 45 are the con-
version factors for inferring fungal-derived C and bacte-
rial-derived C from GluN and MurA, respectively. The 
total microbial necromass carbon (MNC) was computed 
as the sum of fungal-derived C and bacterial-derived C.

2.3.3.2  Analysis of  lignin phenols  Soil lignin phenols 
were extracted and quantified using the copper oxide 
(CuO) oxidation method coupled with gas chromatog-
raphy following the procedures described by Liao et  al. 
(2024) and Bi et  al. (2019). Lignin phenol content was 
determined by summing the concentration of Vanil-
lyl (V), Syringyl (S), and Cinnamyl (C) monomers (Bian 
et al. 2024). The acid/aldehyde ratios for V and S phenols, 
denoted as ((Ad/Al)_v) and ((Ad/Al)_s), as well as the C/V 
and S/V ratios, were utilized to indicate the oxidation state 
and stability of plant substrates (Liao et al. 2024; Ma et al. 
2023a). Plant-derived C in the total SOC was estimated 
using the following equation (Chen et al. 2021):

where V, S, and C denote the content of carbon in the V-, 
S-, and C-type phenols (g kg−1 soil), SOC represents the 
soil organic carbon content (g  kg−1  soil), and 8% is the 
minimum of lignin content in the plant residues (Burgess 
et al. 2002).

2.3.4 � DNA extraction and high‑throughput sequencing 
analysis

Soil DNA extraction, PCR amplification, and Illumina 
sequencing were conducted by Shanghai Meiji Biomedi-
cal Technology Co., Ltd (Shanghai, China). Briefly, total 
DNA was extracted from soil samples using the E.Z.N.A® 
soil DNA Kit (Omega Bio-tek, Norcross, GA, USA) 

(6)Fungal derivedC = (GluN/179.17−2×MurA/251.23)× 179.17× 9

(7)Bacterial derivedC = MurA× 45

(8)
P = (V/33.3%+ S/90%+ C)/(8%× SOC)× 100%

following the manufacturer’s protocol. After determining 
the quality and concentration, primers 515F-806R and 
ITS1F-ITS2 were used for PCR amplification of the bac-
terial 16S rRNA (V3–V4 region) and fungal ITS1 region, 
respectively. The resulting PCR products were sequenced 
on an Illumina MiSeq PE300 system (Illumina Inc., San 
Diego, CA, USA) following the standard protocols at Bio-
marker Technologies Co., Ltd (Beijing, China).

The raw sequence reads were processed and ana-
lyzed using Quantitative insights into Microbial Ecology 

(QIIME) (version 1.9.1), including quality control and 
taxonomic assignment. Operational taxonomic units 
(OTUs) for bacteria and fungi were picked at 97% simi-
larity using USEARCH (version 10.0) and clustered via 
UPARSE (version 7.0.1, Edgar 2013). Bacterial 16S rRNA 
sequences were aligned against the Silva database (v138), 
while fungal ITS sequences were matched to the UNITE 
database (v8.3).

2.4 � Statistical analysis
Differences in CO2 emissions, aggregate distribution, 
amino sugar content, and lignin phenol content were 
analyzed using one-way ANOVA with Duncan’s post hoc 
test for multiple comparisons, using IBM SPSS Statis-
tics 22, with the significant level set at p < 0.05. The beta 
diversity of both bacterial and fungal communities was 
assessed via principal coordinates analysis (PCoA), using 
Bray-Cutris dissimilarity matrices. Spearman rank cor-
relations along with their associated p values among soil 
properties were visualized using Origin 2021. To further 
explore the relationships between soil properties (e.g., 
SOC, DOC, ROC, etc.) and the properties of organic 
inputs (e.g., C content, C/N ratio, and DOC), correla-
tion analysis and Mantel tests were conducted using the 
“mantel” function in the “vegan” package of R.

3 � Results
3.1 � CO2 emissions through the incubation period
As depicted in Fig.  2a, CO2 emission fluxes exhibited a 
consistent temporal pattern across all treatments dur-
ing the incubation period. Following a rapid increase, 
the fluxes peaked between days 2 and 4 and then grad-
ually declined, stabilizing after day 15. Notably, the 
highest peak flux was observed for the HH and SK 
treatments, with peak values decreasing in the order 
of HH (310  mg  kg−1  soil) > SK (261  mg  kg−1  soil) > SH 
(226  mg  kg−1  soil) > PH (208  mg  kg−1  soil) > CK 
(27  mg  kg−1  soil) and SP (15  mg  kg−1  soil). Com-
pared to SH and PH (~1500 mg  CO2  kg−1  soil) and CK 
(~250 mg CO2 kg−1 soil), the cumulative CO2 emissions 
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over the incubation period were significantly higher 
in HH and SK treatments (~2300  mg  CO2  kg−1  soil) 
(p < 0.05). In contrast, biochar amendment (SP) led to a 
moderate reduction in cumulative CO2 emission (Fig. 2b). 
Considering the varying carbon contents of organic 
amendments (Table  1), carbon-normalized cumulative 
CO2 emissions were calculated, which showed a ranked 
order of SK > PH > HH > SH > SP (Table S1).

3.2 � Aggregate size distribution and aggregate stability
Changes in soil aggregate distribution and aggregate 
stability after incubation are illustrated in Fig.  3. Under 
the control treatment (CK), micro-aggregates domi-
nated the soil aggregate, accounting for 42%, while 

macro-aggregates and silt plus clay-size fractions each 
comprised approximately 28% (Fig. 3a).

Except for biochar (SP), organic amendments increased 
the proportion of macro-aggregate to 56–71% compared 
to CK (p < 0.05). Among these, treatments with hydro-
chars (i.e., HH and PH) exhibited the most pronounced 
macroaggregate accumulation. Conversely, the propor-
tions of micro-aggregates and silt plus clay-size frac-
tions decreased upon application of crop straw (SK) and 
hydrochars (HH, PH, and SH) (p < 0.05). In contrast, 
biochar (SP) slightly decreased the proportion of micro-
aggregate but significantly increased the proportion of 
silt plus clay-size particles in soils, suggesting a distinct 
mechanism compared to other organic amendments. 

Fig. 2  Effect of different organic amendments on CO2 emission flux and the cumulative CO2 emission within the 28-day incubation experiment. 
a CO2 emission flux and b cumulative CO2 emission. CK: control, SK: maize straw, SP: straw-derived biochar, SH: straw-derived hydrochar, PH: pig 
manure-derived hydrochar, HH: stalk-derived hydrochar. The error bar is the standard deviation. Different letters represent significant differences 
among different treatments. Duncan’s multiple-comparison test, p < 0.05

Fig. 3  Mass proportion of aggregates with different sizes (a) and the mean weight diameter (MWD) (b) among treatments with different organic 
amendments
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Regarding aggregate stability, as indicated by MWD, 
the values decreased in the following order: HH ≈ PH 
(~0.80 mm) > SH (0.75 mm) > SK (0.68 mm) > CK and SP 
(~0.40 mm) (Fig. 3b).

3.3 � SOC accumulation, fractions, and distribution 
across aggregate fractions

As expected, organic amendments significantly 
increased SOC content by 58–90% (p < 0.05), with the 
highest increments (~90%) observed in HH and SK, 
followed by SK, SH, and PH (43–63%) (Table  2). Nota-
bly, carbon efficiencies, calculated as the ratio of SOC 
increase to carbon inputs, were also the highest for HH 
(Table  S1). This was followed by PH > SK > SP > SH, sug-
gesting that hydrochar, particularly HH, demonstrated 
superior capacity to retain added C in soils. Addition-
ally, cumulative net CO2 emissions from soils were 
highest for SK (76.9 mg  CO2  kg−1  soil), followed by PH 
(56.4 mg CO2 kg−1 soil), HH (51.5 mg CO2 kg−1 soil), SH 
(37.2 mg CO2 kg−1 soil), and SP (16.8 mg CO2 kg−1 soil) 
(Fig.  S1). All these indicated that hydrochars, despite 
their high C sequestration potential, may still undergo 
partial decomposition compared to biochar (SP), which 
exhibited exceptional stability.

Notably, the overall carbon efficiency was highest for 
hydrochars, particularly for those derived from lignocel-
lulosic materials, as indicated by the relatively lower car-
bon losses during organic amendment preparation and 
the subsequent land application. As shown in Table  S2, 
the overall carbon loss decreased in the order of SP 
(43.9%) > PH (41.3%) > SH (30.3%) > SK (18.5%) > HH 
(12.0%). The low carbon efficiency for SP was attributed 
to the substantial carbon loss during biochar production, 
accounting for over 75% of total carbon loss. In contrast, 
the relatively higher carbon efficiency for SK was mainly 
attributed to the short incubation period (30 days) in this 
study, as evidenced by the highest (Ad/Al) ratio among 
all treatments (Table  S3), indicating strong degradation 
potential of lignin compounds.

Feedstock variability further shaped carbon efficiency. 
HH demonstrated the highest carbon efficiency with 
minimal carbon loss and higher carbon stability dur-
ing hydrochar production and soil application, respec-
tively. In contrast, manure-derived hydrochar enhanced 
soil fertility due to its abundant nutrient content, despite 
its moderate carbon efficiency (Table  S4). Across treat-
ments, organic amendments significantly elevated 
soil nitrogen and the C/N ratio compared to CK, with 
and increased available nutrients in soils: alkaline-N 
(by −4.9% to 49.4%), available P (by −1.6% to 72.1%), and 
potassium (by 3.5% to 144%) (Table S4).

SOC fractions exhibited marked differences among 
treatments (Table  2). Except for SP, all organic inputs 
significantly increased the contents of ROC, MBC, and 
DOC in soils relative to CK (p < 0.05), with the highest 
ROC, MBC, and DOC observed in SH (1.46 g kg−1 soil), 
PH (845 mg kg−1 soil) and SK (4516 mg kg−1 soil) treat-
ments, respectively. Despite the notable SOC enrich-
ment, the SH treatment resulted in lower MBC and 
DOC levels but a slightly higher ROC compared to other 
amendments. Particulate organic matter (POM) domi-
nated the SOC pool, accounting for 79.6–83.4% of total 
SOC (Fig.  4a). Organic amendments further increased 
the proportion of POM, though the changes were not 
substantial. However, a significant increase in SOC con-
tent was observed in both POM (44–96%) and MAOM 
(20–59%) fractions with organic inputs (p < 0.05). Nota-
bly, the greatest increase in SOC within the POM frac-
tion (i.e., POC) was observed for SP and HH, while the 
highest increase in SOC within the MAOM fraction (i.e., 
MOAC) occurred in HH (Fig. 4b, c). Overall, POC domi-
nated, accounting for over 80% of the total SOC (Fig. 4d).

The distribution of SOC content across differ-
ent aggregate size classes followed  the order: macro-
aggregate > micro-aggregate > salt plus clay-size particle 
(Fig.  4e). Additionally, significant enhancement in SOC 
due to organic inputs predominantly occurred in macro-
aggregates, with increases ranging from 127% to 274% 
(p < 0.05). Specifically, the highest increase of SOC in 

Table 2  Changes in the SOC content and its fractions among treatments with different organic amendments through incubation

Different letters denote significant differences among treatments (p < 0.05, n = 3)

SOC soil organic carbon, MBC microbial biomass carbon, DOC dissolved organic carbon, ROC readily oxidizable carbon

Treatment SOC (g kg−1 soil) MBC (mg kg−1 soil) DOC (mg kg−1 soil) ROC (g kg−1 soil) ROC/SOC (%)

CK 12.25 ± 0.16d 350 ± 44d 435 ± 17d 1.08 ± 0.22c 8.84 ± 1.69a

SK 19.40 ± 0.42b 782 ± 24b 4516 ± 398a 1.24 ± 0.06bc 6.39 ± 0.30b

SP 22.38 ± 1.10a 255 ± 11e 111 ± 8.0e 1.13 ± 0.03c 5.05 ± 0.13b

SH 20.03 ± 0.46b 765 ± 8.9b 567 ± 56c 1.46 ± 0.08a 7.29 ± 0.46ab

PH 17.56 ± 0.44c 845 ± 34a 3915 ± 145a 1.38 ± 0.20ab 7.89 ± 1.22ab

HH 23.28 ± 1.00a 622 ± 58c 861 ± 36b 1.19 ± 0.03bc 5.12 ± 0.12b
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Fig. 4  Mass proportion of POM and MOAM in soils (a), SOC content in the POM fraction (b), MAOM fraction (c), and their contribution to the total 
SOC in soils (d), SOC content in different soil aggregate fractions (e) and the contribution of soil aggregate C to the total SOC in soils (f) 
among different treatments
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the macro-aggregate was observed in the SP treatment. 
The straw treatment (SK) also significantly elevated SOC 
content in macro-aggregates, while it led to a decrease in 
micro-aggregates and silt plus clay-sized particles rela-
tive to CK. Hydrochar, regardless of the feedstock type, 
consistently increased SOC content across all three 
aggregate fractions compared to CK. Figure 4f highlights 
significant differences in the contribution of aggregate-C 
to the total SOC among treatments. In CK, the majority 
of carbon was accumulated in the micro-aggregate, fol-
lowed by the macro-aggregate and silt plus clay-size frac-
tions. Organic amendments substantially enhanced the 
contribution of macro-aggregate-associated C to the total 
SOC by 22–41%. Correspondingly, the contributions 
of micro-aggregate associated C and C in slit plus clay-
size particles decreased with the application of organic 
amendments (Fig. 4f ).

3.4 � Amino sugar and lignin phenol accumulation in soils
Organic amendments, except for SP, significantly 
enhanced the content of amino sugars in soils (p < 0.05), 
with total amino sugar concentration ranging from 
492 to 575  mg  kg−1  soil (Fig.  S2). Across treatments, 
GluN was the predominant amino sugar compound 
(308–375  mg  kg−1  soil), followed by GlaN (158–
173 mg kg−1 soil). In contrast, ManN and MurN exhibited 
much lower concentrations, both below 20 mg kg−1 soil. 
Notably, SK, PH, and HH applications led to a slight 
elevation in the GluN/MurN ratio by 4.5–7.3%, whereas 
SP exhibited a markedly lower GluN/MurN ratio com-
pared to the other treatments (Table  S3). In contrast to 
amino sugars, lignin phenol content demonstrated sig-
nificant variation among treatments (p < 0.05) (Fig.  S2). 
The highest lignin phenol concentrations were observed 
in SK, SH, and HH treatments, which increased by 
245%, 236%, and 191%, respectively, compared to CK 
(533 mg kg−1 soil). Moreover, S-type phenols were most 
abundant in HH (52.3%), followed by V-type (38.2%) and 
C-type phenols (12.2%). In the other treatments, V-type 
and S-type phenols dominated (~35% each), with C-type 
phenols contributing less than 30% of the total lignin 
phenol content.

3.5 � Microbial‑derived and plant‑derived C and its 
contributions to SOC

The concentration of microbial-derived C var-
ied among treatments, following the order: 
HH > SK > PH > SP > CK > SP, with values ranging from 
3.237 to 3.852 g kg−1 soil. Fungal-derived C was the main 
contributor, accounting for over 80% of the microbial-
derived C in soils (Fig.  5a). In contrast, plant-derived 
carbon ranged from 5.90 to 14.96  g  kg−1  soil, with the 

greatest concentration observed in the SK, SH, and HH 
treatments (Fig. 5b).

The contributions of carbon from different sources to 
SOC were further examined, as illustrated in Fig.  5c–h. 
In CK, plant-derived C accounted for more than 50% of 
SOC, followed by fungal-derived C (22%) and bacterial-
derived C (20%). The application of organic amendments 
significantly altered the proportions of carbon from dif-
ferent sources within total SOC, with distinct variations 
observed among treatments. For instance, straw applica-
tion (SK) increased the proportion of plant-derived C by 
20%, while biochar application (SP) markedly enhanced 
the contribution of C from other sources. Interestingly, 
the impacts of hydrochar on SOC composition varied 
significantly depending on the feedstock. Specifically, SH 
and HH treatments notably increased the proportion of 
plant-derived C, while PH treatment substantially ele-
vated the proportion of carbon from other sources.

3.6 � Soil microbial community composition
Changes in bacterial community composition are 
depicted in Fig.  S3. Although no significant differences 
were observed in the alpha diversity of the bacterial com-
munity, treatments with organic amendments exhibited 
reduced richness and diversity of colonies (Fig.  S3a, b). 
The high number of unique ASVs shown in the Venn 
diagram (Fig. S3c) and the PCoA diagram (Fig. S3d) indi-
cated substantial differences in bacterial communities 
among treatments. Specifically, the dispersion of bacte-
rial communities between CK/SP and other treatments 
suggested that hydrochar and straw applications had a 
pronounced impact on soil bacterial communities. Act-
inobacteriota and Proteobacteria were the dominant bac-
terial phyla, accounting for 28.5–39.2% and 26.1–31.1% 
of the total bacterial phyla in soils, respectively. Com-
pared to CK and SP, hydrochar and straw applications 
increased the proportion of Actinobacteriota and Firmi-
cutes, while reducing that of Chloroflexi, Acidobacteriota, 
and Myxococcota (Fig.  S3e). At the genus level, organic 
amendments enhanced the proportion of Bacillus and 
Streptomyces in soils, particularly in HH treatments 
(Fig. S3f ). Furthermore, a co-occurrence correlation net-
work was constructed to identify key bacteria and explore 
relationships within bacterial communities (Fig.  S3g). 
More developed bacterial co-occurrence networks were 
observed in SP and SK, with no apparent differences in 
nodes and edges between SK and the hydrochar treat-
ments (Table S5). Additionally, the majority of the notes 
belonged to Actinobacteriota, Proteobacteria, Firmicutes, 
and Bacteroidota.

Similarly, organic amendments slightly decreased 
the richness and diversity of fungal colonies, particu-
larly noticeable in SP and PH treatments (Fig.  S4). 
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Significant differences in fungal community com-
position were also observed, as indicated by the 
Venn diagram and PCoA analysis results (Fig.  S4c, 
d). Interestingly, samples from CK, SK, and SP clus-
tered together, indicating high similarity in their fun-
gal communities. Across all treatments, Ascomycota 
was the most abundant fungal phylum, ranging from 
73.3 to 91.7% (Fig.  S4e). On the genus level, CK and 
SP showed high similarity with Aspsergillus and Tal-
aromyces as dominant genera (Fig.  S4f ). In contrast, 
SH and SK treatments significantly reduced the abun-
dance of Aspsergillus and Talaromyces, while greatly 
increasing the abundance of Schizothecium. Moreover, 
the proportion of Neocosmpospora, Gibberella, and 
Chaetomium greatly increased in PH, and the propor-
tion of Aspergillus, Chaetomium, and Neocosmospora 
increased in HH compared with CK (Fig.  S4f ). Simi-
lar to bacteria, more developed fungal co-occurrence 
networks were observed in SP treatments (Fig.  S4g). 
Moreover, treatments with organic inputs exhibited 
higher nodes, edges, and average degrees compared 

to CK, indicating enhanced interactions among fungal 
communities (Table S5).

3.7 � Correlations among characteristics of organic inputs 
and soil microorganisms on soil aggregation and SOC 
accumulation, and fractionation

The Spearman correlation analysis revealed significant 
correlations among the characteristics of organic inputs, 
soil microorganisms, and their effects on soil aggregates 
and SOC accumulation and fractionation (Fig. 6). Specifi-
cally, MWD was positively correlated with labile forms of 
SOC (i.e., MBC and ROC), cumulative CO2 emissions, 
MAOC, amino sugar content, lignin phenol content, 
and fungi richness, while it exhibited negative correla-
tions with carbon in micro-aggregates, bacterial rich-
ness, and bacterial diversity (p < 0.05). Additionally, SOC 
and ΔSOC were positively correlated with soil TN, the 
soil C/N ratio, and the carbon content of various frac-
tions, but negatively correlated with bacterial richness 
(p < 0.05).

Fig. 5  The concentration of microbe-derived C (a), and plant-derived C (b) in soils among different treatments, and the contribution of carbon 
from various sources (i.e., plant, bacterial, fungal, and others) to total SOC in soils for CK (c), SK (d), SP (e), SH (f), PH (g), and HH (h)
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The Pearson correlation (r) Mantel-test heatmap 
(Fig.  6b–d) highlighted significant variations in the cor-
relations between the typical properties of organic 
amendments and soil characteristics. Specifically, the C 
content of straw exhibited a highly significant positive 
correlation with SOC, ΔSOC, MBC, DOC, cumulative 
CO2 emissions, POC, and C in different aggregate frac-
tions, amino sugar content, and lignin phenol content 
(p < 0.01). Moreover, both the DOC and lignin phenol 
content showed a significant positive correlation with the 
C/N ratio of straw (p < 0.01). The impact of straw-derived 
DOC was primarily reflected in its influence on soil bac-
teria (p < 0.01), followed by MWD, MBC, ROC, cumula-
tive CO2 emissions, and C in macro-aggregates (p > 0.05). 
Notably, while biochar properties were positively corre-
lated with soil properties, these relationships were not 
particularly strong (p > 0.05). For hydrochars, the carbon 

content demonstrated a highly significant positive cor-
relation with SOC, ΔSOC, C/N ratio, and lignin phenols 
content (p < 0.01). Additionally, the C/N ratio of hydro-
chars was significantly and positively correlated with the 
the soil C/N ratio, DOC, POC, lignin phenol content, 
and the diversity of fungi (p < 0.01). Furthermore, hydro-
char-derived DOC was positively correlated with MWD, 
amino sugar content, and bacterial diversity (p < 0.01).

4 � Discussion
4.1 � Organic input‑induced soil aggregation and aggregate 

stabilization
Soil aggregates are clusters of soil particles that adhere 
more strongly to one another than to adjacent particles. 
Enhancing aggregate stability is vital for maintaining soil 
structure, influencing aeration, water infiltration and 
retention, nutrient cycling, carbon sequestration, and 

Fig. 6  Spearman correlation heatmap showing the correlation between SOC/soil aggregation and typical soil properties (a); Pearson’s correlation 
(r) mantel-test heatmap of the carbon content, C/N ratio, and DOC content with several soil properties such as SOC content and fraction, 
aggregate stability, and microbial abundance and diversities for straw (b), biochar (c), and hydrochars produced from different feedstocks (d). The 
colors indicate pairwise comparisons of variables, and the thicknesses of the lines indicate the strength of the correlation. The asterisks indicate 
the statistical significance. * p < 0.05; ** p < 0.01. C, C/N, and DOC represent the carbon content, C/N ratio, and DOC content of different organic 
materials, respectively. ΔSOC represents the increase in SOC compared to the control. Macro-C, Micro-C, and Silt-C represent the SOC content 
in macro-aggregates, micro-aggregates, and silt and clay particles, respectively
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root penetration and growth (Ma et al. 2024b; Tian et al. 
2022). Studies have shown that the organic amendments 
can improve soil aggregation either directly by provid-
ing organic “glue” agents (e.g., polysaccharides, humic 
substances, and other sticky extracellular materials) 
and inorganic binding units (e.g., cations like Ca2+ and 
Mg2+) (Amelung et al. 2023; Sonsri and Watanabe 2023) 
or indirectly by fostering soil microorganisms through 
the mediation of the micro-environment and the sup-
ply of labile organic substrates (Angulo et  al. 2024; Sun 
et al. 2020). For these reasons, enhanced soil aggregation 
among treatments with organic inputs was observed in 
the present study (Fig. 3).

Compared to other amendments, hydrochars, regard-
less of feedstocks, showed higher efficiencies in enhanc-
ing soil aggregation with a dramatic increase in the 
proportion of macro-aggregate (112–140%) and MWD 
(85–106%) (Fig. 3). This may be attributed to their labile 
carbon compounds as well as to induced changes in soil 
microorganisms (Table  1; Fig.  6d; Figs.  S3 and S4). For 
example, Song et  al. (2022) and Sonsri and Watanabe 
(2023) found that increases in soil macro-aggregate were 
closely related to dissolved organic matter (DOM), spe-
cifically polysaccharides and N-containing compounds 
in soil amendments. They also confirmed that a higher 
abundance of high-molecular-weight DOM further 
enhanced soil aggregation by contributing to aggregate 
formation (Sonsri and Watanabe 2023). Apart from exog-
enous carbon, the relatively higher abundance of Actino-
mycete in bacterial communities and Aspergillus in fungal 
communities partly explained the enhanced soil aggrega-
tion observed in treatments with hydrochars, due to their 
high ability to facilitate aggregation (Rashid et  al. 2016; 
Zhao et al. 2024) (Figs. S1 and S2). However, George et al. 
(2012) argued that hydrochar-induced soil aggregation 
mainly resulted from organic matter provision rather 
than cooperation between hydrochar, plants, and Arbus-
cular mycorrhiza. This is because the enrichment of 
organic compounds such as polycyclic aromatic hydro-
carbons and phenols through HTC has been reported 
to be toxic to soil microorganisms (Andert and Mumme 
2015; Si et  al. 2024). Despite that, the response of soil 
microorganisms to hydrochars varied greatly depending 
on their physicochemical properties and compositions 
(Yan et  al. 2024; Xiong et  al. 2024, 2025). Differences 
in the physicochemical properties (i.e., humification 
degree, carbon content, and stability) and composition 
(i.e., compounds and molecular weight) of both extract-
able and non-extractable fractions in hydrochars may 
also account for the varied responses of soil aggregate to 
hydrochars (Ma et al. 2024b; Song et al. 2020; Wang et al. 
2024b) (Fig.  2). However, empirical investigations into 
these mechanisms remain scarce to date. Future research 

should prioritize disentangling the direct and indirect 
effects of hydrochar application on soil aggregate stabil-
ity, thereby advancing our mechanistic understanding of 
their roles in soil structural dynamics.

In contrast to prior findings (Ma et al. 2024b), biochar 
application exhibited limited effects on soil aggregation 
in this study, which can be explained by the alkaline soil 
pH (8.3), sandy soil texture, and lower DOC content in 
biochar, which collectively constrain aggregate formation 
(Ul Islam et  al. 2021). Additionally, reduced microbial 
biomass carbon (MBC) levels (Table 2) further hindered 
the microbial-driven processes critical to aggregate sta-
bility, consistent with earlier reports (Sun et al. 2021).

4.2 � Exogenous organic inputs induced soil carbon 
accumulation and fraction distribution

The accumulation of SOC arises from a dynamic balance 
between carbon inputs and outputs, involving processes 
such as the decomposition and stabilization of exogenous 
organic inputs and the decomposition of indigenous 
SOC (Mustafa et  al. 2020). During this process, chemi-
cal recalcitrance of organic inputs, physical protection 
within macro-aggregate, and chemical stabilization via 
organo-mineral associations are key mechanisms that 
facilitate carbon sequestration (Cotrufo et al. 2019; Even 
and Cotrufo 2024; Lehmann and Kleber 2015).

As shown in Fig.  2, higher carbon content in organic 
amendments, particularly labile carbon, leads to a great 
initial CO2 emission, which gradually declines over time 
as labile substrates are depleted (Xiao et al. 2018). Con-
currently, exogenous inputs trigger microbial community 
shifts that accelerate native SOC decomposition (Huo 
et  al. 2022), contributing to the emissions quantified in 
Fig. 2b.

Consistent with previous studies (Ma et  al. 2024b; 
Zhang et  al. 2024), organic inputs universally increased 
SOC levels across all aggregate size fractions (Fig.  4f ). 
However, the magnitude of SOC accumulation differed 
among fractions, primarily due to differences in the com-
position, stability, and carbon content of organic inputs 
(Ma et al. 2024b; Verrone et al. 2024) (Table 1). Notice-
ably, macro-aggregates exhibited the most pronounced 
carbon enrichment (Fig.  4b), consistent with the aggre-
gate hierarchy model (Li et  al. 2023b; Six et  al. 2004), 
where macroaggregates serve as primary storage pools 
for exogenous carbon. In contrast, the smaller increase in 
SOC content in micro-aggregates and silt plus clay-size 
particles was primarily driven by microbial processing 
and decay products via ex-vivo pathways (Krause et  al. 
2019).

Partitioning SOM into POM and MAOM is helpful 
for clarifying the dynamics of SOC, as these fractions 
differ in the biochemical properties and turnover rates 
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(Yu et al. 2022). According to Lavallee et al. (2020), fresh 
plant inputs can either be incorporated into POM via 
fragmentation or transition to MAOM through micro-
bial modifications. As shown in Fig. 4, increases in SOC 
stocks were predominantly in the POM fraction, reflect-
ing its sensitivity to exogenous carbon (Bian et al. 2024). 
Specifically, HH and SP outperformed other inputs in 
boosting POC, attributed to their high carbon content 
and stability (Bian et al. 2024). Additionally, the substan-
tial increase in MOAC with stalk hydrochar application 
(HH) may stem from labile carbon influx (Table  1) and 
microbial community shifts (Sokol et al. 2019). Similarly, 
Cotrufo et al. (2022) found that soluble plant compounds 
boost MAOM formation, while structural compounds 
and microbial interactions favor POM. In addition, soil 
texture, particularly clay content, could also modulate 
POM/MAOM responses to amendments (Jilling et  al. 
2020). Although POM is generally considered less stable 
and has a shorter residence time compared to MAOM, 
significant increases in POM from highly recalcitrant 
organic inputs such as biochar and hydrochar may alter 
POM dynamics, warranting further investigation.

Exogenous inputs, especially recalcitrant ones 
(Table  S5), shift SOC source contributions (Fig.  5c–h). 
While plants and microbes traditionally dominate SOC 
in ecosystems, Chen et  al. (2024a, b) observed reduced 
proportional contributions from these sources (down 
24.2–30.0% for plant-derived and 16.4–56.9% for micro-
bial-derived C with biochar) due to residual input accu-
mulation. Notably, the high proportion of plant-derived 
C in treatments with hydrochars was due to the incom-
plete degradation of lignocellulose through HTC (Khan 
et  al. 2019). Collectively, differences in carbon loss, 
aggregate distribution, and input stability generate dis-
tinct SOC accumulation patterns across treatments.

4.3 � Hydrochar‑induced soil aggregation and SOC 
accumulation

Based on our analysis, the impacts of hydrochars on soil 
aggregation and SOC sequestration can be encapsulated 
in a conceptual framework (Fig.  7). Hydrochars pro-
duced under moderate hydrothermal conditions possess 
a dual-component architecture: (1) labile organic frac-
tions composed of low-molecular-weight compounds 
and (2) recalcitrant carbon skeletons derived from par-
tially degraded lignocellulosic residues. These structural 
characteristics confer hydrochars with unique abilities to 
synergistically influence soil structure and carbon cycling 
pathways.

Labile organic compounds play a crucial role in 
enhancing soil aggregation, either directly by provid-
ing organic binding agents or indirectly by modulating 

soil microbial communities. Conversely, the stable 
carbon skeleton is predominantly enriched in POM 
through fragmentation processes. Some labile organic 
compounds bind to clay particles via adsorption or 
through microbial ex  vivo modifications, contribut-
ing to MAOM. Moreover, portions of the stable struc-
tural skeletons may be incorporated into MAOM via 
microbial in  vivo turnover. The input of labile carbon 
and nutrients (e.g., nitrogen and phosphorus) stimu-
lates microbial activity, thereby increasing the propor-
tion of microbially derived carbon within the total SOC 
pool. Notably, due to incomplete degradation of ligno-
cellulosic biomass during hydrothermal carbonization, 
plant-derived carbon also increases following the appli-
cation of hydrochar. Consequently, SOC pools are com-
posed of contributions from plant-derived, microbially 
derived, and hydrochar-originated carbon. In summary, 
the role of hydrochar in SOC accumulation is deter-
mined by a combination of physical and chemical prop-
erties, as well as the stability and molecular complexity 
of the feedstock.

5 � Research limitations
This study provides significant insights into the dual 
efficacy of hydrochar in enhancing soil organic carbon 
(SOC) and improving soil aggregation. However, sev-
eral limitations need to be acknowledged: Firstly, the 
short-term microcosm incubation period of 28  days 
may not adequately capture long-term SOC persistence, 
aggregate stability, or microbial community shifts. 
Soil processes such as carbon mineralization, aggre-
gate turnover, and microbial necromass accumulation 
often require extended periods (e.g., >60–90  days) to 
stabilize. (Dong et  al. 2023). Secondly, the absence of 
isotopic tracing (e.g., 13C-labled substrates) limits our 
ability to distinguish exogenous carbon contributions 
from native SOC (e.g., priming effects) or disentangle 
the role of labile and recalcitrant carbon fraction of 
hydrochar on SOC formation as well as the fraction of 
SOC. Although biomarker analysis (i.e., amino sugar 
and lignin phenols) revealed the impacts of hydrochar 
on the divergent accumulation of microbial necromass 
and plant lignin components during incubation, this 
limitation remains (Ma et al. 2018). Thirdly, the lack of 
field validation restricts the practical relevance of the 
findings. Microcosm conditions cannot fully replicate 
field-scale complexities such as climate variability, crop 
interactions, or tillage disturbances. Furthermore, eco-
nomic and scalability considerations—such as hydro-
char production costs, energy inputs, and feedstock 
availability—were not evaluated, yet these factors are 
critical for assessing real-world feasibility. Therefore, 
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future studies should incorporate longer-term experi-
ments, isotopic tracing, multi-soil validations, and field 
trials to address these gaps and inform scalable strate-
gies for hydrochar deployment.

6 � Conclusion
This study underscored the remarkable dual capacity 
of hydrochar to enhance SOC sequestration and soil 
aggregation, surpassing the performance of biochar and 
straw. Nonetheless, the efficacy of hydrochar varied sig-
nificantly depending on its feedstock, due to differences 
in organic composition, stability, and nutrient con-
tent. Importantly, future research should focus on the 
long-term impacts of hydrochar on soil quality. Addi-
tionally, efforts should be directed towards optimizing 

hydrochar performance by elucidating the underlying 
mechanisms that govern its behavior in soil systems.
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