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Abstract

Biochar can alter soil physical conditions, microbial carbon processing, and soil organic
carbon (SOC) responses under fluctuating moisture, yet how these changes are coordinated
remains insufficiently understood. We conducted a two-season greenhouse pot experiment
to examine the initial (first-year) and residual (second-year) effects of wheat-straw biochar
(WSB) and softwood biochar (SWB) under conventional deficit irrigation (CDI) and alter-
nate drying-wetting cycles (DWC). Compared with unamended soil, biochar amendment
improved water-dispersible microaggregate-size distribution, mean microaggregate size,
and water-holding capacity, which contributed to reduced soil thermal conductivity (STC)
by 6.0-14.2%. Biochar application also improved microbial carbon use efficiency (CUE) by
41.1-52.3%, with WSB generally showing stronger and more persistent effects than SWB.
Relative to CDI, DWC increased soil respiration rate by 14.9-48.8% but decreased CUE
by 7.4-10.2% and SOC by 3.0-10.3%, indicating a shift toward greater respiratory carbon
loss under repeated moisture fluctuations. Biochar amendment increased SOC across both
seasons, particularly under WSB, and partially alleviated the DWC-associated reductions
in CUE and SOC. Correlation analyses showed that lower STC was associated with higher
CUE and SOC, but these relationships should be interpreted as coordinated associations
rather than direct evidence of a causal thermal-regulation mechanism. Principal component
and random forest analyses further highlighted STC as a prominent variable associated
with variation in CUE and SOC among the measured soil attributes. These findings indicate
that biochar-mediated changes in soil physical conditions are closely associated with micro-
bial CUE and SOC responses under drying—wetting cycles, wherein soil thermal properties
may represent an important physical dimension of these carbon responses.
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1. Introduction

Soil organic carbon (SOC) is one of the largest terrestrial carbon pools and plays a
central role in ecosystem productivity, climate regulation, and agroecosystem resilience [1].
In water-limited agricultural systems, SOC dynamics are increasingly exposed to recurrent
fluctuations in soil moisture, shifts in soil physical conditions, and intensified carbon
mineralization under variable environmental regimes [2-5]. Although SOC responses are
often interpreted from the perspective of carbon inputs, the persistence of soil carbon also
depends on how efficiently microorganisms assimilate available substrates and allocate
them to biomass rather than releasing them as CO, through respiration [6]. This balance is
commonly expressed as microbial carbon use efficiency (CUE), defined as the proportion of
assimilated carbon retained for microbial growth relative to total carbon uptake [7]. Because
microbial biomass and residues contribute substantially to the formation of persistent soil
organic matter, changes in CUE are closely relevant to SOC accumulation and loss [8-11].

The importance of microbial CUE becomes more pronounced under fluctuating mois-
ture. Repeated drying and rewetting can disrupt microbial metabolism, alter substrate
accessibility, and induce respiration pulses after rewetting, often leading to inefficient
carbon use and greater CO, release [12-15]. Such responses are particularly relevant in
water-limited croplands, where rainfall variability and water-saving irrigation can gener-
ate recurrent drying-wetting cycles (DWC) [16]. However, microbial carbon processing
under these conditions is not governed by water supply alone [17,18]. The soil physical
environment, including pore architecture, aggregation, particle arrangement, and water-
holding characteristics, can influence microbial habitat continuity, substrate diffusion, and
the balance between carbon assimilation and respiration [19,20]. Yet, compared with the
well-recognized effects of moisture availability, how broader soil physical changes are coor-
dinated with microbial CUE and SOC accumulation under fluctuating moisture remains
less clearly understood.

Biochar is a relevant candidate for examining this possibility because it can substan-
tially modify the soil physical environment while also affecting microbial habitat quality.
Produced by the pyrolysis of biomass, biochar has been widely reported to improve
soil water retention, reduce bulk density, promote aggregation, and increase carbon
sequestration potential [21-24]. These physical effects are closely related to changes in
soil heat transfer, as thermal conductivity is shaped by particle contact, pore continu-
ity, water distribution within the soil matrix, and the intrinsic thermal conductivity of
solid constituents [25-27]. At an amendment level sufficient to change soil composition,
biochar can also alter STC by changing the relative contribution of mineral particles and
low-density carbonaceous particles in the solid phase [28]. Within this context, STC may
provide a useful integrative physical descriptor, because variation in STC can reflect com-
bined changes in soil structure, pore-water distribution, solid-phase composition, and
the intrinsic thermal conductivity of mineral and carbonaceous particles. However, this
thermal dimension of biochar-induced soil physical change has rarely been considered
together with microbial CUE and SOC responses under drying—wetting cycles. Thus,
whether STC is closely associated with microbial CUE and SOC responses following
biochar amendment remains insufficiently resolved.

The magnitude and persistence of these responses may depend on biochar feedstock.
Biochars produced from contrasting raw materials differ markedly in ash content, pore
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structure, mineral composition, and surface characteristics, which can shape their effects on
soil aggregation, water retention, and microbial functioning [29,30]. Wheat-straw biochar
(WSB), for example, generally contains more mineral ash and can exhibit a more developed
porous structure than softwood biochar (SWB), potentially leading to stronger effects on
the soil physical environment [31,32]. In addition, the ash content and mineral composition
of biochar can influence nutrient availability and cation exchange dynamics, which may
further affect microbial metabolism [33,34]. Such differences may become especially conse-
quential under DWC, when soil structure, water redistribution, and microbial carbon-use
strategies are repeatedly challenged. Despite growing interest in biochar-mediated carbon
responses, few studies have jointly examined feedstock-dependent changes in multiple soil
physical attributes, microbial CUE, and SOC under practical irrigation-related moisture
fluctuations, particularly across both the initial and residual phases of biochar effects.

To address this gap, we conducted a two-season factorial pot experiment using two
contrasting biochars, WSB and SWB, under conventional deficit irrigation (CDI) and alter-
nate drying-wetting cycles (DWC), representing the initial and residual effects of biochar
amendment. We aimed to determine: (1) whether WSB and SWB differ in their capac-
ity to modify soil physical conditions, including water-dispersible microaggregate-size
characteristics, aggregation, water-holding capacity, and STC; (2) how DWC and biochar
amendment influence soil CO; efflux, CUE, and SOC accumulation across growing seasons;
and (3) whether variation in soil physical attributes is associated with CUE and SOC accu-
mulation, with particular attention to the relative prominence of STC within this broader
physical framework. We further expected that WSB would exert stronger and more persis-
tent effects than SWB, that DWC would decrease CUE and SOC relative to CDI, and that
biochar would partly alleviate these responses. By integrating soil physical, microbial, and
carbon-related measurements, this study seeks to clarify how biochar-mediated changes
in the soil physical environment are linked to microbial CUE and SOC responses under
fluctuating moisture conditions.

2. Materials and Methods
2.1. Biochar and Soil Preparation

The biochars used in this study were produced from mixed softwood (SWB) and
wheat-straw (WSB) at the UK Biochar Research Centre. Both biochars were produced by
pyrolysis of the respective feedstocks at a peak temperature of 550 °C, with a heating
rate of 1.3 °C s~!, using a pilot-scale rotary kiln system [35]. More details about the
production protocols, analytical methods, and characteristics of the biochars are available
in previous reports [35,36]. The pelletized biochar was milled to pass through a 0.45 mm
sieve prior to application.

The soil was collected from the top 25 cm of a farm field in Yangling, China (34°15’ N,
108°04’ E), and it was a silty loam, consisting of 8% clay, 85% silt, and 7% sand [37]. After
air-drying, soil samples were passed through a 5 mm sieve. Biochars were mixed with
the soil at 2% (w/w) for the experiment. The volumetric soil water content (8, vol. %) of
the unamended soil was 30.0% at field capacity and 5.0% at the permanent wilting point.
Upon incorporation of either SWB or WSB, pot capacity increased to 32.0% (vol. %). The
bulk density was 1.40 g cm 3 in the unamended soil and decreased to 1.30 g cm ™~ after
biochar incorporation. Key physicochemical properties of the soil and biochar materials
are summarized in Table 1.
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Table 1. Original soil and biochar properties.

Factor Soil SWB WSB
Clay (<0.002 mm, %) 8 - -
Silt (0.05-0.002 mm, %) 85 - -
Sand (2-0.05 mm, %) 7 - -
Mean microaggregate size (um) 19.1 76.4 59.9
pH 7.7 7.9 9.9
EC (uScm™1) 360 90 1700
CEC (cmol + kg™ 1) 2.0 3.2 6.2
Total C (%) 1.8 85.5 68.3
Total N (%) 0.1 <0.1 1.4
Total P ) (%) 0.1 0.1 0.1
Total K © (%) 2.4 0.3 1.6
Total Ca © (%) 7.4 0.3 0.8
C:N 18 <855.2 49.1
H:Ctot - 04 04
O:Ctot - 0.1 0.1
(O +N):C <0.1 0.1
Surface area (m? g~ 1) - 26.4 26.4
Total ash @ (%) - 1.3 21.2
C stability ® (%) - 69.6 96.5

@ TGA; ® Cross A, Sohi SP [38]; ) Aqua Regia digestion followed by ICP. EC measured in a 1:5 solid-to-
water extract.

2.2. Experimental Design and Treatments

A full-factorial pot experiment was conducted with 6 treatment combinations and three
independent pot replicates per treatment, giving a total of 18 pots. The treatment factors
were biochar amendment (control, SWB, and WSB) and irrigation regime (conventional
deficit irrigation, CDI, and alternate drying—wetting cycles, DWC). Biochar effects were
evaluated over the 2021 season (April-July), representing the first-year effect (hereafter
referred to as the initial effect), and the 2022 season (April-July), representing the second-
year effect (hereafter referred to as the residual effect for convenience); thus, growth
season was treated as an additional set of independent treatment combinations. Maize
(Zea mays L., cv. Shaan Dan 650) seeds were obtained from the College of Agronomy,
Northwest A&F University. Uniform seedlings at the four-leaf stage were transplanted into
8 L pots containing 9 kg of air-dried soil or biochar-amended soils. Before transplanting,
biochar and basal fertilizer (2 g N, 4.6 g P,Os, and 4.4 g K,O per pot) were thoroughly mixed
with the soil, and the soil was allowed to equilibrate for 7 days. The pots were maintained
under natural light in a greenhouse at Northwest A&F University, Yangling, China.

During the first 30 days after transplanting, all pots were irrigated daily to main-
tain favorable and uniform water conditions at approximately 90% of pot water-holding
capacity, and irrigation treatments were not imposed during this establishment period.
Thereafter, two reduced irrigation regimes were imposed. In the CDI treatment, irrigation
water was evenly supplied to the whole root zone, with the total amount of water matched
to that used in the DWC treatment. In the DWC treatment, the split root zone was divided
into two compartments; one compartment was irrigated to maintain soil water content at
approximately 20% (v/v), whereas the opposite compartment was allowed to dry until its
soil water content declined to approximately 12% (v/v), after which irrigation was switched
to the previously dry compartment. Soil moisture dynamics were monitored daily at 16:00
using TDR sensors (25 cm; TRASE, Soil Moisture Equipment Corp., Santa Barbara, CA,
USA) installed in each root compartment (Figure 1).
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Figure 1. Daily means of soil water content (6, %) in the pots of plants amended with biochar under
conventional deficit irrigation (CDI) and alternate drying-wetting cycle (DWC) treatments in 2021
(first-year effect, hereafter termed the initial effect) and 2022 (second-year effect, hereafter termed the
residual effect). (A—C) represent Control, softwood biochar (SWB), and wheat-straw biochar (WSB)
under different irrigation treatments in 2021, respectively; (D-F) represent Control, SWB, and WSB
under different irrigation treatments in 2022, respectively. DWC-L and DWC-R represent the left and
right soil compartments of DWC pots, respectively. Values are the mean =+ standard error (1 = 3).

Greenhouse environmental parameters were continuously monitored over the two
growing seasons. Average temperatures were 24.5 °C and 27.5 °C, relative humidity was
73.3% and 81.3%, and vapor pressure deficits were 0.8 and 0.7 kPa in 2021 and 2022,
respectively. To provide the thermal background relevant to soil thermal conductivity, daily
greenhouse temperature dynamics are shown in Figure 2. At harvest, maize plants were
collected for biomass determination and separated into shoots and roots, oven-dried to
constant weight, and weighed. To avoid unequal soil mass after soil sampling, additional
treatment-matched pots were prepared and managed under the same treatment conditions.
After the 2021 harvest and soil sampling, soils from the same treatment were thoroughly
homogenized, and an equal dry-mass equivalent of treated soil was reweighed for each pot
before the second cropping season. No additional biochar was applied in 2022, allowing
the residual effects of the original biochar amendment to be evaluated.
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Figure 2. The daily temperature data inside the greenhouse during the growing period in 2021 and
2022. DAT stands for days after transplanting.

2.3. Measurement and Analysis
2.3.1. Biochar Surface Morphology and Crystalline Structure

Biochar surface morphology was examined by scanning electron microscopy (SEM;
TESCAN MIRA, TESCAN, Brno, Czech Republic) after gold sputter-coating, using an
accelerating voltage of 15 kV [39]. Crystalline phase composition of the original soil,
biochar, and soil-biochar mixtures was determined by X-ray diffraction (XRD; X'Pert Pro
MPD, PANalytical, Almelo The Netherlands) with Cu-Ko radiation operated at 40 kV and
30 mA over a 26 range of 5-90° [32]. SEM was conducted on the original biochar materials
prior to soil incorporation, whereas XRD was performed both before biochar incorporation
and after each harvest.

2.3.2. Chemical Composition and Functional Group Analysis

Elemental composition was determined by X-ray fluorescence spectroscopy (XRF;
Axios, PANalytical, Almelo, The Netherlands) [40]. Major surface functional groups were
identified by Fourier-transform infrared spectroscopy (FTIR; Nicolet iS5, Thermo Scientific,
Waltham, MA, USA) using KBr pellets over the range 4000-400 cm ! at a resolution of
2 cm~! [41]. Both XRF and FTIR were performed on the original biochar materials prior to
soil incorporation and repeated after each harvest.

2.3.3. Soil pH and Zeta Potential

Soil pH was determined in a 1:2.5 soil-to-water suspension using a calibrated pH
meter (Model 60, Jenco Instruments Inc., San Martin, CA, USA) [42]. Soil zeta potential
(5ZP) was determined in deionized water using a Zetasizer Nano ZS90 (Malvern Instru-
ments, Worcestershire, UK) [43]. Both soil pH and zeta potential were measured before
transplanting and after each harvest.
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2.3.4. Water-Dispersible Microaggregate-Size Distribution and Water-Holding Capacity

Water-dispersible microaggregate-size distribution was measured by laser diffraction
(Mastersizer 2000, Malvern Instruments, Malvern, Worcestershire, UK) after dispersion in
deionized water [44]. Water-holding capacity (WHC) was determined gravimetrically after
saturation and free drainage, and was calculated as [45]:

Wet soil weight — Dry soil weight
Dry soil weight

WHC = x 100%
WHC was determined before transplanting, whereas water-dispersible microaggregate-
size distribution was measured before transplanting and repeated after each harvest.

2.3.5. Soil Thermal Conductivity and Respiration Rate

Soil thermal conductivity (STC) was measured after each harvest using a transient
plane source thermal analyzer (TPS2500S, Hot Disk Instruments, Géteborg, Sweden). Be-
fore measurement, soil samples were air-dried, sieved, and pressed into 30 mm discs at
20 MPa to minimize moisture-related differences among treatments. The sensor probe was
sandwiched between two pressed discs, and measurements were conducted at ambient
laboratory temperature after the signal reached a stable value [46]. Soil respiration rate
(SRR) was measured at the vegetative and grain-filling stages using an LI-6800 portable
photosynthesis system equipped with a soil chamber (6800-09, LI-COR Biosciences, Lin-
coln, NE, USA) [47]. The SRR values reported for each treatment represent the mean of the
two measurements. Because measurements were conducted in planted pots, SRR repre-
sents total soil CO; efflux, including both autotrophic root respiration and heterotrophic
microbial respiration.

2.3.6. Soil Total Carbon, Total Nitrogen, Mineral Nitrogen, and Organic Carbon

Total carbon (TC) was determined by dry combustion using an elemental analyzer
(vario PYRO cube, Elementar, Langenselbold, Germany) [48]. Total nitrogen (TN) was
measured using the Kjeldahl method [49]. Mineral N (NO3™-N and NH;*-N) was ex-
tracted with 1 M KCI and quantified using a continuous flow analyzer (AutoAnalyzer 3,
Bran + Luebbe, Norderstedt, Germany) [50]. Soil organic carbon (SOC) was determined
by the Walkley-Black dichromate oxidation method [51]. All of these measurements were
conducted after each harvest.

2.3.7. Microbial Carbon Use Efficiency Assessment

Soil samples were collected at both vegetative and grain-filling stages under each
irrigation treatment (CDI and DWC). For DWC, samples were taken separately from the
wet and dry zones to capture microbial responses to heterogeneous moisture conditions.
Subsequently, samples were passed through a 2 mm sieve and stored at 4 °C to preserve
microbial integrity. For each treatment, 30 g of samples was placed into aerated containers
with drainage. Moisture levels were adjusted using deionized water to reflect in situ
conditions: 12% (dry-zone, DWC), 20% (wet-zone, DWC), and 20% (CDI). Samples were
pre-incubated for two weeks to allow microbial communities to equilibrate. For treatment-
level comparison and ANOVA, the two compartment-level values were then averaged with
equal weight to obtain one pot-level DWC value, because the wet and dry compartments
represented equal proportions of the split-root pot.

Microbial carbon use efficiency (CUE) was determined using a substrate-independent
method based on in vivo equilibration with ¥ O-enriched water vapor [4]. Briefly, 400 mg
of fresh soil was sealed in 2 mL screw-cap vials, which were then placed inside 27 mL
incubation vessels. To avoid direct contact between H,180 and the soil, labelled water was
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added to the bottom of the incubation vessel, resulting in approximately 20% 80 enrich-
ment in soil water. The vials were incubated for 48 h, and headspace CO, concentration
was measured to estimate microbial respiration. Microbial CUE was calculated as:

. . C
Microbial CUE = Growth
CGrowth + CRespimtion

where Cgo i, represents microbial growth derived from 180 incorporation during incubation,
and Crespiration represents cumulative CO; released during the same incubation period.

2.3.8. Microbial Biomass Carbon and Nitrogen

Microbial biomass carbon (MBC) and nitrogen (MBN) were determined using the
chloroform fumigation—extraction method [52]. Extractable C and N in fumigated and non-
fumigated soils were measured with a Multi N/C 3000 analyzer (Elementar, Langenselbold,
Germany), and MBC and MBN were calculated using conversion factors of 0.45 and 0.54,
respectively. Both MBC and MBN were measured after each harvest. For DWC treatment,
wet- and dry-compartment soils were extracted separately; the two compartment-level
values were then averaged with equal weight to obtain one pot-level DWC value for
statistical analysis.

2.4. Statistical Analysis

Statistical analyses were conducted using IBM SPSS Statistics 23.0 (IBM Corp., Armonk,
New York, USA) and R (v4.2.2). The pot was used as the experimental unit, and the
experiment included 18 independent pots followed across two cropping seasons. Biochar
amendment (B) and irrigation regime (I) were treated as fixed treatment factors, whereas
growth season (Y) was considered a repeated temporal factor representing the initial and
residual phases of the same pots. Main effects and interactions were tested, and Tukey’s
multiple comparison test was applied following one-way ANOVA to identify significant
differences among treatment means (p < 0.05) [53]. Pearson’s correlation analysis was
performed in R to assess relationships between microbial CUE and soil physicochemical
or microbiological parameters, as well as between SOC and microbial CUE or soil C
turnover-related indicators [54]. A random forest model (RFM) was implemented using
the “randomForest” package (v4.7.1.1) [55] to explore the relative importance of measured
predictors for microbial CUE and SOC. For the CUE model, candidate predictors included
STC, WHC, MMS, soil pH, TC, TN, C/N ratio, mineral N, SRR, MBC, and MBN; for the
SOC model, candidate predictors included STC, CUE, SRR, MBC, MBN, TC, TN, C/N ratio,
mineral N, WHC, and MMS. Each model was constructed with 500 trees, and variable
importance was assessed based on the increase in mean square error (MSE). Model stability
was evaluated using 10-fold cross-validation based on 36 season-level observations derived
from 18 pots. Because the number of independent experimental units was modest, random
forest outputs were used as exploratory rankings of relative variable importance rather
than as evidence of causal effects. Principal component analysis (PCA) was performed on
min-max normalized data for all measured parameters using ORIGIN-Pro 2021 (OriginLab
Corp., Northampton, MA, USA) [56].

3. Results
3.1. Biochar Structures, Soil Mineral Composition, and Functional Groups

To provide a basis for interpreting treatment effects on microbial CUE and SOC, we
first characterized the structural and chemical properties of the two biochars and their
effects on soil mineral and functional-group composition. SEM showed clear morphological
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differences between SWB and WSB. SWB displayed a fibrous and layered structure, whereas
WSB exhibited a more porous architecture (Figure 3).

Figure 3. Scanning electron microscopy (SEM) images of the biochars used as soil amendments:
(A) SWB and (B) WSB.

XRD patterns showed that quartz, muscovite, feldspar, calcite, and vermiculite were
the dominant mineral fractions across treatments, and no obvious differences in crys-
talline mineral composition were detected between the initial and residual biochar effects
(Figure 4A). XRF analysis further showed similar elemental profiles among the amended
soils (Table S1). FTIR spectra indicated that the two biochars had broadly similar functional
groups but differed in peak intensity. In the amended soils, however, the overall spectral
patterns remained largely unchanged between treatments and across crop cycles. The
main peaks at 466.87, 1025.30, 1439.90, and 3621.67 cm ! corresponded to Si—-O-5i defor-
mation, Si-O stretching in clay minerals, CO32" stretching in calcite, and O-H stretching
in structural hydroxyl groups, respectively [57,58]. Additional peaks at 2516.03, 1798.10,
874.42,779.81, and 693.96 cm~! were assigned to aliphatic C-H, C=0, aromatic C-H, and
C—C-related functional groups [59-61]. Overall, biochar addition had little effect on the
mineralogical and functional-group composition of the soil during either growth season
(Figure 4B).

3.2. Soil pH, Zeta Potential, and Water-Dispersible Microaggregate Characteristics

Soil pH was not significantly affected by biochar amendment or irrigation regime
(p = 0.105 and 0.777, respectively). Although both biochar treatments, particularly WSB,
tended to show higher pH than the control under both CDI and DWC, the differences were
not significant. Across crop seasons, soil pH decreased by an average of 1.17 units from
year 1 to year 2 (Figure 5A). Changes in SZP were observed mainly in response to biochar
amendment. Relative to the initial soil value (—8.2 mV), SWB and WSB reduced SZP by
56.0% and 30.2%, respectively, during the initial effect. Under the residual effect, SZP
decreased further by 40.8% in SWB and 94.4% in WSB. Irrigation regime had no significant
effect on SZP (p = 0.228) (Figure 5B).

Water-dispersible microaggregate-size distribution also differed among treatments.
The mean microaggregate size (MMS) of SWB and WSB were 76.4 and 59.9 um, respectively,
compared with 19.1 um for the unamended soil (Table 1). Under the residual biochar effect,
the proportion of microaggregates < 8 um decreased from 21.9% in the control soil to 15.7%
in the WSB-amended soil and 14.9% in the SWB-amended soil (Figure 5C). WSB increased
MMS by 6.5% under the initial effect and by 11.2% under the residual effect, whereas SWB
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had only minor effects. MMS did not differ significantly between CDI and DWC (p = 0.324)
(Figure 5D).
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Figure 4. XRD (A) patterns and FTIR (B) spectra of the original soil and biochar materials, and of
soils collected from the control, SWB, and WSB treatments under CDI and DWC in 2021 (initial effect)
and 2022 (residual effect). The control refers to the original soil without biochar amendment and
without plant growth or irrigation.

3.3. Soil Water-Holding Capacity, Thermal Conductivity, and Respiration Rate

Biochar significantly increased soil WHC under reduced irrigation. Across the two
crop seasons, WHC increased by 7.0-8.9% relative to the control, whereas no significant
difference was detected between CDI and DWC (p = 0.783) (Figure 6A). Biochar also
reduced STC. Under the initial effect, SWB and WSB reduced STC by 6.0% and 14.2%,
respectively, compared with the control. Under the residual effect, the reductions were
6.6-13.4%, following the same overall pattern. Neither the difference between the initial
and residual effects nor the difference between CDI and DWC was significant (p = 0.679
and 0.613, respectively) (Figure 6B). Total SRR also increased following biochar amendment.

https://doi.org/10.3390/agronomy16131262


https://doi.org/10.3390/agronomy16131262

11 of 22

Agronomy 2026, 16, 1262
Under the initial effect, SRR increased by 30.8-42.8% over the control, with the largest
increase observed in WSB. Under the residual effect, SWB had little effect on SRR, whereas
WSB increased SRR by 26.8%. Across biochar treatments, DWC increased total SRR by
14.9-48.8% relative to CDI (Figure 6C).
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Figure 5. Soil pH (A), soil zeta potential (SZP, (B)), water-dispersible microaggregate-size distribution
(©), and mean microaggregate size (MMS, (D)) as affected by season (Y), biochar (B), irrigation (I),
and their interactions in 2021 (initial effect) and 2022 (residual effect). Values are the mean =+ standard
error (n = 3). Different letters indicate significant differences (p < 0.05) among Y, B, and I. ¥, and ***
indicate significant levels at p < 0.05, and p < 0.001, respectively. ns indicates no statistical significance.

3.4. Soil Total C and N, C/N Ratio, and Min N

Biochar increased both TC and TN, with the strongest responses observed in WSB-
amended soils. Under the initial effect, TC was increased by 77.3-113.8% and TN by
23.8-63.2% relative to the control. Under the residual effect, TC remained 77.3-88.2% higher
and TN 42.3-42.9% higher than the control. Relative to CDI, DWC decreased TC slightly by
3.9% but increased TN by 8.9% (Table S2). The soil C/N ratio was also altered by biochar
amendment. Under the initial effect, SWB increased C/N ratio by 3.7- to 4.9-fold. Under the
residual effect, C/N was 1.2- to 2.7-fold lower than under the initial effect. Compared with
CDI, DWC reduced C/N ratio by 10.2-11.1% (Table S2). Min N did not differ significantly
among biochar treatments (p = 0.166). However, Min N was 1.2-fold higher under the
residual effect than under the initial effect. DWC also increased Min N by 6.2-17.2% relative

to CDI (Table S2).
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Figure 6. (A) Soil water-holding capacity (WHC), (B) soil thermal conductivity (STC), and (C) soil
respiration rate (SRR) as affected by season (Y), biochar (B), irrigation (I), and their interactions in
2021 (initial effect) and 2022 (residual effect). Values are the mean + standard error (n = 3). Different
letters indicate significant differences (p < 0.05) among Y, B, and I. ** and *** indicate significant levels
atp < 0.01 and p < 0.001, respectively. ns indicates no statistical significance.

3.5. Microbial Biomass and Carbon Use Efficiency, and Soil Organic Carbon

Biochar amendment increased MBC and MBN, with stronger responses generally
observed in WSB-amended soils. Relative to the control, MBC was increased by 32.7-67.6%
due to biochar addition, and the increase was more pronounced under DWC. MBN showed
a similar response with an increase of 21.1-56.2%, although irrigation regime had no

significant effect on MBN (p = 0.512) (Figure 7A,B).
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Figure 7. (A) Microbial biomass carbon (MBC), (B) microbial biomass nitrogen (MBN), (C) microbial
carbon use efficiency (CUE), and (D) total soil organic carbon content (SOC) as affected by season
(Y), biochar (B), irrigation (I), and their interactions in 2021 (initial effect) and 2022 (residual effect).
Values are the mean =+ standard error (n = 3). Different letters indicate significant differences (p < 0.05)
among Y, B,and I. *, **, and *** indicate significant levels at p < 0.05, p < 0.01, and p < 0.001, respectively.
ns indicates no statistical significance.

Biochar increased microbial CUE, again with the strongest response under WSB.
Across the two growth seasons, CUE was 41.1-52.3% higher in biochar-amended soils
than in the control soil without biochar. To represent the moisture conditions associated
with CDI and the wet and dry compartments of DWC, soil moisture was adjusted to 20%,
20%, and 12% for CDI, the wet-zone of DWC, and the dry-zone of DWC, respectively.
Under these moisture conditions, CUE was 7.4-10.2% lower under DWC than under CDI
(Figure 7C).

WSB amendment increased SOC by 6.3- to 6.7-fold relative to the control in the first
year. SOC remained elevated by 3.5- to 4.0-fold in the second year, although these values
were 33.5% lower than those observed in the initial year. Across biochar treatments, DWC
reduced SOC by 3.0-10.3% relative to CDI (Figure 7D).

3.6. Importance and Correlation Analysis of Soil Variables for CUE and SOC

Random forest analysis ranked STC as the variable with the highest importance score
for explaining variation in microbial CUE under both the initial and residual biochar effects,
regardless of irrigation regime (Figure 8A,B). PCA based on soil physicochemical and
microbial variables further separated the treatment groups. PC1 explained 57.2% of the
total variance under the initial effect and 61.2% under the residual effect. WSB and SWB
treatments were positioned mainly on the positive side of PC1 and were associated with
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higher CUE, TC, TN, MBC, and WHC, whereas the control clustered on the negative side
of PC1 and was associated with higher STC (Figure 8C,D). For SOC, random forest analysis
ranked STC and CUE among the most important explanatory variables under both the
initial and residual effects (Figure 9A,B). Pearson correlation analysis showed that SOC
was positively correlated with CUE and negatively correlated with STC (Figure 9C,D). SOC
was also positively correlated with MBC, TC, TN, WHC, and MMS (Figure S1).
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Figure 8. (A,B) are the relative importance of potential predictors to the variations in CUE for 2021
and 2022, respectively. Importance is determined by the percentage of increase in the mean square
error (MSE) in the random forest analysis. (C,D) are the plots of principal component analysis of
2021 and 2022, respectively. The parameters are: CUE, STC, TC, WHC, C/N, TN, MBC, MBN, SRR,
Min N, and soil pH. The pink ellipse represents WSB treatment, the blue ellipse represents SWB
treatment, and the grey ellipse represents the non-biochar control. *** indicates significant levels
atp <0.001.
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Figure 9. (A,B) are the relative importance of potential predictors to the variations in SOC for 2021
and 2022, respectively. Importance is determined by the percentage of increase in the mean square
error (MSE) in the random forest analysis. Relationships between (C) SOC versus STC and (D) SOC
versus CUE in the rhizosphere of maize treated with season (Y), biochar (B), and irrigation (I). All
data points are shown on the plots. Regression lines are red for the initial effect of 2021, and blue for
the residual effect of 2022. *** indicates significant levels at p < 0.001.

4. Discussion

The present study shows that biochar amendment, particularly WSB, reshaped the
soil physical environment, altered microbial carbon-use patterns, and increased SOC under
both CDI and DWC. These responses were not restricted to a single soil property. Instead,
biochar simultaneously increased MMS and WHC, while reducing STC. These physical
changes occurred together with higher microbial CUE and greater SOC, suggesting that
biochar-mediated modification of the soil physical environment was closely associated with
soil carbon responses under fluctuating moisture conditions. This pattern is interpreted as
a coordinated soil physical-microbial-carbon response rather than evidence that STC alone
directly regulates microbial CUE or SOC.

Biochar amendment significantly reduced STC during both the initial and residual
phases, and this effect was generally stronger and more persistent under WSB than SWB
(Figure 6B). The decline in STC was accompanied by increases in MMS and WHC, par-
ticularly in WSB-amended soils (Figures 5C,D and 6A). These responses are consistent
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with the porous structure of biochar and its capacity to alter soil particle arrangement,
pore continuity, and water distribution within the soil matrix [25,27,62,63]. In addition to
changes in pore continuity and water distribution, the 2% (w/w) amendment changed the
relative contribution of mineral particles and carbon-rich biochar particles within the solid
phase. Because mineral particles generally have higher intrinsic thermal conductivity than
organic or carbonaceous particles, the lower STC observed after biochar addition likely
reflected the combined influence of altered solid-particle composition, reduced solid—solid
contact, increased porosity, and changed water distribution [26,28,64]. Differences in intrin-
sic thermal conductivity between the two biochar materials may also have contributed to
the stronger STC response under WSB than SWB (Table 1). Thus, STC should be viewed
as an integrated physical response to biochar amendment, not simply as an isolated soil
thermal process. The stronger response under WSB may be related to its higher ash content
and more developed pore structure, which can favor aggregate formation, enhance water
retention, and more effectively modify the soil physical matrix than SWB [31,32]. Impor-
tantly, the persistence of lower STC after two cropping seasons indicates that the physical
effects of biochar were not confined to the initial amendment period.

Irrigation regime strongly affected microbial carbon processing. Relative to CDI, DWC
increased SRR but reduced microbial CUE across seasons (Figures 6C and 7C). Because
SRR was measured in planted pots, it represents total soil CO, efflux that includes both
root-derived autotrophic respiration and heterotrophic microbial respiration; therefore,
treatment and season differences in SRR may partly reflect differences in plant/root activity
as well as microbial mineralization. Nevertheless, the divergence between higher SRR
and lower CUE under DWC indicates that repeated drying and rewetting shifted the soil
system toward greater respiratory C loss relative to microbial growth. Such a pattern
is consistent with the physiological costs of stress recovery after rewetting and with the
Birch effect, in which microbial respiration increases rapidly following the rewetting of dry
soil [7,12,15,65]. The parallel decline in SOC under DWC further suggests that repeated
moisture fluctuation created a less favorable carbon-use environment in the present system.
However, biochar-amended soils, especially those receiving WSB, maintained higher CUE
and SOC than the unamended control under DWC, indicating that biochar partly alleviated
the negative effects of drying-rewetting on microbial CUE and soil carbon accumulation.

The relationships among soil physical properties, microbial CUE, and SOC provide
further insight into these responses. PCA and RFM indicated that several soil physical
attributes were associated with variation in microbial carbon processing and SOC responses,
with STC showing a particularly prominent contribution among the measured physical
variables (Figure 8). In addition, correlation analysis showed that lower STC was associated
with higher CUE and higher SOC (Figure 9). These results highlight the importance of the
soil physical environment in shaping carbon responses to biochar amendment. STC may be
especially informative because it integrates changes in particle contact, pore structure, water
distribution, solid-phase composition, and differences in the intrinsic thermal conductivity
of mineral versus carbonaceous particles, all of which are relevant to microbial functioning
under variable moisture conditions [64]. However, because STC covaried with water-
dispersible microaggregate size, aggregation, WHC, and biochar-derived carbon, these
statistical relationships do not demonstrate that lower STC directly caused higher CUE or
SOC. Instead, lower STC likely served as an indicator of a biochar-modified soil matrix that
was more favorable for microbial carbon retention and SOC accumulation.

The SOC response observed in this study likely resulted from several interacting pro-
cesses. Biochar amendment increased SOC across both seasons, with the strongest increases
generally occurring under WSB (Figure 7D). Given the relatively high amendment rate of
2% (w/w), the approximately 6-fold increase in SOC after the first cropping season was
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most likely dominated by the direct input of exogenous biochar-derived carbon. Therefore,
the increase in SOC should not be interpreted as evidence that microbial processing alone
drove soil carbon accumulation. Nevertheless, the positive association between microbial
CUE and SOC remains relevant for understanding how the amended soil environment
may have influenced carbon retention after biochar addition. Higher CUE indicates that a
greater proportion of assimilated carbon is allocated to microbial growth rather than lost
through respiration, thereby increasing the potential contribution of microbial biomass and
residues to more persistent soil organic matter [8-10,66]. Recent global-scale evidence also
supports the importance of microbial CUE for SOC storage patterns across ecosystems [11].
In the present study, however, microbial CUE should be regarded as a process associated
with SOC retention rather than as the primary source of the observed SOC increase. Overall,
the SOC response under biochar amendment likely reflected the combined effects of direct
biochar carbon input, altered plant-derived carbon inputs, physical and physicochemical
protection, and changes in microbial carbon-use patterns [].

Physical and physicochemical protection may also have contributed to the stronger
SOC response under WSB. The increases in soil particle size and aggregation after
WSB amendment indicate improved structural conditions for the physical protection
of organic matter. Aggregation can reduce the accessibility of organic substrates to
decomposers and increase the spatial separation between extracellular enzymes and
protected carbon pools [67,68]. In addition, the higher ash and mineral contents of WSB
may have enhanced the potential for cation-mediated interactions and organo-mineral
associations, which can further support carbon persistence in soil [31,69,70]. These
mechanisms provide a plausible explanation for why WSB produced more pronounced
SOC responses than SWB. Thus, the stronger carbon response under WSB was likely
associated with the combined influence of improved soil structure, higher microbial
CUE, and greater potential for physicochemical protection.

The residual effects observed in the second cropping season are also notable. Although
the magnitude of some responses varied over time, WSB continued to maintain lower STC,
higher CUE, and greater SOC than the control, suggesting that feedstock-dependent biochar
effects persisted beyond the initial amendment phase [26]. This persistence is important
because the agronomic and ecological value of biochar depends not only on its short-
term effects but also on whether it can sustain improvements in soil functioning across
successive crop cycles []. The present findings indicate that the residual physical effects of
WSB remained sufficiently strong to influence microbial carbon-use responses and SOC
under both irrigation regimes.

Overall, the results support a broader interpretation of biochar-mediated carbon
responses under fluctuating moisture. Biochar did not merely alter a single physical
property; it improved multiple aspects of the soil physical environment. These changes
were closely associated with microbial CUE and SOC responses, while STC emerged as a
particularly informative physical attribute within this integrated response pattern. This
framework helps explain why WSB, which produced stronger and more persistent physical
modifications than SWB, also showed greater capacity to maintain microbial carbon use
efficiency and SOC under DWC.

5. Conclusions and Limitations

Biochar amendment, particularly WSB, improved soil physical conditions, increased
microbial CUE, and enhanced SOC under both CDI and DWC across two maize growing
seasons. DWC increased soil respiration but reduced CUE and SOC relative to CD], indicat-
ing that repeated drying-rewetting promoted a less efficient microbial carbon-use regime.
Biochar partly alleviated these negative effects, with WSB showing stronger and more per-
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sistent responses than SWB. The results further indicate that soil physical properties were
closely linked to microbial and carbon responses following biochar amendment. Lower
STC was associated with higher CUE and SOC, and multivariate analyses showed that STC
made a particularly prominent contribution among the measured physical variables. These
relationships should be interpreted as coordinated associations within a biochar-modified
soil matrix, rather than as direct evidence that STC causally controlled microbial CUE or
SOC. These findings suggest that soil thermal properties represent an important component
of the broader physical framework through which biochar influences microbial carbon
processing and SOC responses under fluctuating moisture.

Several limitations should be considered. The experiment was conducted under
greenhouse pot conditions, used a single soil type, applied a relatively high biochar rate
of 2% (w/w), and included 18 independent pots followed across two growing seasons.
Therefore, the magnitude of the responses should not be directly extrapolated to all field
application rates or soil types without further validation. Moreover, biochar-derived
carbon, plant-derived carbon, and microbially processed carbon were not partitioned,
preventing direct attribution of SOC increases to specific carbon sources. Microbial
community composition, microbial necromass formation, and direct soil thermal dynam-
ics were also not measured. In addition, SRR was measured as total soil CO; efflux in
planted pots, and autotrophic root respiration was not separated from heterotrophic
microbial respiration. This limits direct attribution of SRR responses to microbial carbon
mineralization alone. Future studies should verify these relationships under field con-
ditions and over longer timescales, while integrating carbon-source tracing, microbial
trait analysis, and direct characterization of soil thermal behavior to further clarify the
processes underlying biochar-mediated carbon responses.
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SOC versus MBC, (B) SOC versus TC, (C) SOC versus TN, (D) SOC versus WHC, and (E) SOC versus
SPS in the rhizosphere of maize treated with season (Y), biochar (B), irrigation (I). All data points
are shown on the plots. Regression lines are red color for the initial effect of first maize growth
season (2021), blue color for the residual effect of second maize growth season (2022). *, ** and ***
indicate significant levels at p < 0.05, p < 0.01, and p < 0.001, respectively. ns indicates no statistical
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2021 and 2022 analyzed by XRF (wt.%). Table S2. Soil total C content (TC), total N content (TN),
soil C/N, and mineral N content (Min N) as affected by season (Y), biochar (B), irrigation (I) and
their interactions. Values are the mean + standard error (n = 3). Different letters indicate significant
differences (p < 0.05) among Y, B, and I. *, ** and *** indicate significant levels at p < 0.05, p < 0.01,
and p < 0.001, respectively. ns indicates no statistical significance.
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