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Abstract

A field experiment was carried out to study the responses of soil respiration, soil C and N, composition of main microbial
groups, enzyme activity, and microbial C source utilization to two organic amendments (i.e., straw and manure) added alone
or combined with biochar for 9 months in an infertile soil. In comparison with the non-amended control, soil CO, emis-
sion rates were significantly increased following straw and manure addition, but they were decreased by 19% and 36% on
average when co-applied with biochar. Organic amendments significantly increased the size of labile C pool by 21%, total
phospholipid-fatty acid (PLFA) concentrations by 32%, activities of a-glucosidase by 51%, pB-glucosidase by 115%, p-D-
cellobiosidase by 105%, p-xylosidase by 43%, phenol oxidase by 59%, and peroxidase by 91% on average relative to the
non-amended control, whereas biochar co-application with organic amendments had no effect on soil PLFA concentrations
but significantly decreased the enzyme activities by 38% and the sizes of labile C and N pools by 16% on average. The results
of the substrate-induced respiration confirmed a lower capacity of biochar-treated soils to use the C sources of carbohydrates
and carboxylic acids. Structural equation modeling indicated that the response of soil CO, emission rates to organic amend-
ment and biochar was directly linked to their effects on microbial activities. Therefore, our study demonstrated that biochar
co-applied with straw or manure mitigated soil C loss by decreasing soil microbial activities.
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Introduction

Improving soil fertility while at the same time enhancing soil
carbon (C) storage has been recognized as a global-scale soil
climate mitigation strategy, because it is essential for sus-
tainable agricultural production and food security as well as
the mitigation of greenhouse gas emissions (Lal 2004; Pan
et al. 2009; Schmidt et al. 2011; Amelung et al. 2020). Such
improvements are particularly important for degraded lands
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that occupy nearly 33% of the global soils and have been
subjected to long-term soil organic C losses (FAO 2019;
Amelung et al. 2020). Application of organic amendments,
such as straw and organic manure, has been widely recom-
mended as an environmentally friendly practice to stop soil
degradation and to enhance soil quality and crop produc-
tion, as they increase organic C input and mineral nutrient
availability while reducing the input of synthetic fertiliz-
ers (Bhattacharyya et al. 2012; Ventorino et al. 2013; Lin
et al. 2019). However, both straw and manure applications
have been shown to increase emissions of soil CO, and CH,
with potential effects on global warming (Liu et al. 2014;
Zhang et al. 2020). Converting crop residues into biochar
via pyrolysis and its soil amendment can be an alternative
way to increase soil C storage with other co-benefits for eco-
system functioning (Lehmann 2007; Sohi 2012), such as
increase in nutrient retention and soil C stability, and ame-
lioration of soil acidity (Singh and Cowie 2014; Dai et al.
2017). For this reason, biochar co-application with organic
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amendments has been suggested as a promising strategy to
improve soil quality in recent years (Agegnehu et al. 2017;
Singh et al. 2019). Although the sole effects of biochar and
organic amendments on soil greenhouse gas emissions have
been frequently reported (Wu et al. 2013; Singh et al. 2019),
their combined effects are poorly known.

Soil respiration rate depends on soil organic matter qual-
ity, microbial community composition, and metabolic activi-
ties (Conant et al. 2011; Brookes et al. 2017). Change in the
composition and partitioning of different soil organic matter
pools with contrasting decomposability is one of the key
factors affecting soil organic matter turnover (Rovira and
Vallejo 2002; Belay-Tedla et al. 2009). The incorporation
of organic amendments into soil increased soil labile C and
N pools, thus enhancing soil respiration (Blagodatskaya and
Kuzyakov 2008; Liu et al. 2014; Nguyen and Marschner
2016), whereas biochar application increased the recalcitrant
C pools (Qayyum et al. 2014; Li et al. 2018; Chen et al.
2019), with contrasting effects on soil respiration likely due
to diverse types of biochar and soil with different chemical
and biological stabilities (Liu et al. 2016). For example, a
few studies suggested that biochar increased soil respiration
by increasing soil labile C fractions (Smith et al. 2010; Jones
et al. 2011; Mitchell et al. 2015), whereas others found that
biochar suppressed soil respiration by decreasing C avail-
ability because biochar particles adsorbed the dissolved
organic C (Lu et al. 2014), or increased the chemical sta-
bilization of organic C (Keith et al. 2011; Singh and Cowie
2014; Weng et al. 2017).

Soil microorganisms play an important role in nutrient
cycling and organic matter decomposition also due to their
enzyme production (Campbell et al. 2003; Nannipieri et al.
2003, 2018; Sinsabaugh 2010). Extractable C sources, such
as non-cellulosic polysaccharides, were broken down mostly
by hydrolytic enzymes, while acid-resistant C sources such
as lignin and tannin were often broken down by oxida-
tive enzymes produced by fungi and gram positive bacte-
ria (Sinsabaugh 2010; German et al. 2011). Soil enzyme
activities are often regulated by microbial populations as
well as the availability and quality of nutrients, such as C,
N, and P, both in soil and litter (Hill et al. 2014; Fanin and
Bertrand 2016; Dong et al. 2021). Straw and manure amend-
ments can increase microbial biomass and enzyme activi-
ties related to organic matter decomposition as a result of
increased N and P nutrients and labile substrates (Maisto
et al. 2010; Wu et al. 2013; Mackie et al. 2015; Elzobair
et al. 2016). For example, straw and manure amendments
have been reported to increase soil hydrolase activities, such
as urease, pf-glucosidase, cellobiohydrolase, and p-1,4-N-
acetylglucosaminidase (Ai et al. 2012; Garcia-Orenes et al.
2016). However, the effects of biochar on soil enzyme activi-
ties are contrasting with both positive, negative, or negli-
gible effects (Lammirato et al. 2011; Elzobair et al. 2016;
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Chen et al. 2017), though biochar also contains some labile
C compounds that can rapidly stimulate microbial growth
and activity (Smith et al. 2010; Luo et al. 2011; Farrell et al.
2013). Indeed, acting as a non-significant source of nutrients
for plant and microorganisms, how biochar in combination
with other organic amendments affects soil microbial com-
munities and enzymatic activities and their linkage with soil
respiration are still unknown.

The objectives of this study were to (1) investigate the
effects of biochar co-application with other organic amend-
ments (i.e., straw and manure) on soil respiration and soil
labile and recalcitrant C and N pools; (2) to determine
whether biochar interferes with the effects of organic amend-
ments on the composition of main soil microbial groups and
enzyme activities involved in the C dynamics; and (3) to
elucidate the linkages among soil respiration, soil organic
C and N pools, composition of main microbial groups, and
activity. We hypothesized that the stimulations of straw and
manure amendments on soil respiration may be mitigated
with the addition of biochar, because biochar can increase
soil C and N recalcitrancy and decrease microbial activities
involved in organic matter decomposition. To test this, a field
experiment was performed to investigate the responses of
soil C and N pools, composition of main microbial groups,
enzyme activity, and microbial C source utilization to straw
and manure added alone or combined with biochar after
9 months in an infertile soil, whereas soil respiration rates
were monitored at different times during the experiment.

Materials and methods
Site description, biochar, and organic amendments

A field trial with biochar and organic amendments was
established in April 2017 in a dry cropland located in
Jincheng Township (31°15'N and 119°43'E), Lin’an, Hang-
zhou City, Zhejiang Province, China. The climate is char-
acterized as a subtropical monsoon with a mean annual
precipitation of 1420 mm and a mean annual temperature
of 15.9 °C. The soil is classified as a Ferrasol by the Food
and Agriculture Organization of the United Nations (FAO)
soil classification system (WRB 2006); it had a pH of 4.74,
organic C of 4.55 g kg™!, total N of 0.45 g kg™!, available
N of 63.10 mg kg™!, available P of 1.58 mg kg™!, and avail-
able K of 89.00 mg kg~ 'and contained 10.4% sand, 43.5%
silt, and 46.1% clay. Corn straw was collected from a local
farmer, dried, and cut into small pieces (<2 cm). Biochar
was pyrolyzed from corn straw at 450 ~ 500 °C for 2 h under
a slow-pyrolysis process in an oxygen-limited rotary furnace
by Nanjing Qinfeng Science and Technology Corporation.
The biochar material was ground to pass through a 2-mm
sieve and homogenized prior to application. Sheep manure
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was obtained from unconfined piles from a local sheep farm
and had a water content of 0.63 g g~!. The properties of the
tested corn straw, manure, and biochar are shown in Table 1.

Field experiment

The experiment was set up with a two-way factorial design,
namely biochar and organic amendment (i.e., straw and
manure), with six treatments including a control (non-
amendment), corn straw and manure and across biochar
treatments (without and with biochar amendment, indicated
by -Biochar and + Biochar, respectively). The six treatments
were arranged in a randomized block design with three rep-
licates (total 18 plots). Each plot has an area of 6.6 m* and
was separated from each other by a 0.5-m-wide border. Each
plot was enclosed with a 60-cm-wide PVC board inserted
into the soil to a depth of 40 cm. The corn straw, manure,
and biochar were applied at 10.20 t ha=!, 33.47 t ha™!, and
849 tha !, respectively, equivalent to 3.60 t C ha~!. Thus,
the amounts of added C were 0, 3.6, and 3.6 t C ha™! for
the control, straw, and manure treatments (without biochar),
and 3.6, 7.2, and 7.2 t C ha™! for those with biochar. In
early April 2017, the biochar, straw pieces, and manure were
evenly spread over the plots manually and incorporated into
the plow layer (0~ 15 cm) with hoeing before seeding. All
plots were planted with maize with a local cultivar (Zea
mays Zhedan 11). Fertilizer was not applied during our
experiment in order to not confound the effects of straw,
manure, and biochar addition.

Soil respiration measurement

Soil respiration was monitored with CO, fluxes in the field
by the static closed chamber method and gas chromatography

Table 1 The basic properties of corn straw, manure and biochar used
in the field experiment

Corn straw ~ Manure  Biochar
pH (H,0) 7.6 8.2 9.3
C (%) 35.26 29.43 42.42
N (%) 0.92 2.17 1.02
P (%) 0.14 1.06 0.16
K (%) 0.23 1.12 0.26
H (%) 4.38 4.36 1.98
S (%) 0.22 0.49 0.26
C/N 38.33 13.56 41.74
C/p 251.86 27.76 265.13
Dissolved organic C (mg kg™") - - 612.84
Dissolved organic N (mgkg™) - - 30.12
CEC (cmol kg™ - - 102.24
Surface area (m” g7!) - - 8.53

technique as already described (Chen et al. 2016). Each
static chamber consisted of two parts: a base box with the
size of 0.3 0.3x0.15 m and a chamber box with the size of
0.3x%0.3x0.3 m. The chamber base was inserted approxi-
mately 0.13 m into the soil after organic amendments with-
out covering the maize plants. Soil CO, flux sampling was
conducted between 9 and 11 a.m. on June 12, 2017 (joint-
ing stage); July 13, 2017 (tassel stage); August 12, 2017
(milk stage); September 14, 2017 (harvest stage); October
12,2017 (after harvest); and January 2, 2018 (the day of soil
sampling). A 30 mL gas sample was collected with a syringe
at 0, 10, 20, and 30 min after chamber closure. At each gas
sampling, soil temperature at 5 cm depth was determined
with a thermometer. The CO, concentration in the gas sam-
ples was determined in the laboratory within 24 h following
the sampling with a gas chromatography (Shimadzu, Japan)
equipped with a flame ionization detector. Gas sample sets
were eliminated if the linear regression value of 1> <0.90.
The soil CO, emission rates were calculated as:

F=px—x%x2X (1

where F (mg CO,-C m~2 h™!) is the efflux rate of soil CO,;
p is the density of the CO, at 0 °C; V is the chamber vol-
ume; A is the base area of the chamber; % is the change of
the CO, concentration per unit in the closed chamber, and
T is the absolute temperature of the sampling time, and 7
is the absolute temperature (273.15 K) under the standard
condition.

Soil sampling and analysis of chemical properties

Soil samples were collected from each plot on January 2,
2018, which was 9 months after the biochar and organic
material amendments. Five soil cores with a diameter of
3 cm were collected randomly from the 0-15 cm depth of
each plot following a ‘X’ sampling pattern and were mixed
thoroughly to form a composite sample. Each sample was
placed in a sterilized plastic bag, and sealed and stored in an
ice box before transport to the laboratory. The soil samples
were sieved (<2 mm) to remove large rocks, visible roots,
and debris. A portion of the soil was air-dried at room tem-
perature before chemical analysis. Another portion of each
sample was freeze-dried and stored at — 70 °C until used for
phospholipid fatty acid (PLFA) analysis, and the remaining
soil was kept at 4 °C for microbial biomass and microbial
activity analyses.

Soil organic C (SOC), total N (TN), and available N were
determined by wet digestion using K,CrO, oxidation, the
Kjeldahl procedure, and the alkaline hydrolysis method,
respectively, according to Lu (1999). Soil available phospho-
rus (P) (Bray 1-P, 0.03 M NH,F+0.025 M HCl extractable)
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and available potassium (K) (1 M NH,OAc extractable) were
determined according to the procedure described by Soil
Science Society of China (1999). Soil moisture content was
measured gravimetrically and soil pH was measured in a
1:2.5 ratio of soil to deionized water according to Lu (1999).

A two-step acid hydrolysis procedure was employed to
determine the extractable and acid-resistant concentrations
of soil labile and recalcitrant C and N pools (Rovira and
Vallejo 2002). In brief, 500 mg dry soil was firstly hydro-
lyzed with 20 mL of 2.5 M H,SO, in a Pyrex tube for 30 min
at 105 °C (step 1). The hydrolysate was recovered by cen-
trifugation (250 X g). The residue was flushed with 20 mL of
de-ionized water, and the extract was added to the previous
hydrolyzate. This initially extracted hydrolysate included
labile C pool I (LPI-C) and labile N pool I (LPI-N). The
remaining residue was dried at 60 °C and subsequently
hydrolyzed with 2 mL of 13 M H,SO, at room temperature
for 12 h under continuous shaking (step 2). Then, 24 mL
de-ionized water was added and the sample was kept at
105 °C for 3 h with occasional shaking. The hydrolyzate
was recovered by centrifugation at 2250 X g and decantation.
The residue was washed with 20 mL of de-ionized water and
then added to the hydrolyzate. C and N in this hydrolyzate
were defined as labile C pool II (LPII-C) and labile N pool
II (LPII-N). The C and N concentrations in hydrolyzate were
determined on the TOC-TN analyzer (Shimadzu, Japan). The
remaining residue was washed with water and transferred
into a pre-weight foil plate and dried at 60 °C. The recalci-
trant C pool (RP-C) was calculated as the total concentration
of the organic C minus those of labile pools.

Soil phospholipid fatty acid (PLFA) analysis

The composition of main microbial groups was charac-
terized by PLFA analysis according to Bossio and Scow
(1998). In brief, 4 g of freeze dried soil was placed in a
PTFE centrifuge tube along with a mixture of chloroform,
methanol, and citrate buffer (with a volume ratio of 1:2:0.8).
The mixture was shaken for 4 h in the dark, then separated
from glycolipids and neutral lipids using silica acid columns
(Supelco, Inc., Bellefonte, PA, USA). The methanol fraction
containing PLFAs was evaporated to dryness using N,, and
the PLFAs were converted to methyl esters with a mild alka-
line methanolysis reaction. After this reaction, the resulting
fatty acid methyl esters were extracted with 5 mL of 4:1
hexane:chloroform, evaporated to dryness and re-dissolved
in 50 pL of hexane. Finally, soil PLFA extracts were identi-
fied using an Agilent 6850 Gas Chromatograph (Agilent,
USA). PLFA concentrations were expressed as nmol PLFA
g~ ! dry soil. Fatty acids are denoted according to the PLFA
nomenclature by Zak et al. (2000). The dominant PLFAs
were assigned to major microbial groups according to previ-
ous studies (Frostegard and Baath 1996; Zelles 1997; Bossio
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and Scow 1998): cy17:0, cy19:0, 16:1 w7c, 17:1 w8c, 18:1
w7c for gram-negative bacteria (G —); 114:0, 115:0, al5:0,
116:0, a16:0, 117:0, al7:0 for gram-positive bacteria (G +);
18:1 ®9c and 18:2 w6c for fungi; 16:1 w5c for arbuscular
mycorrhizal fungi (AMF); and 10Me16:0, 10Me17:0, and
10Me18:0 for actinomycetes. Total microbial PLFA con-
centrations were calculated as the sum of all determined
PLFAs. Bacterial biomass was calculated by summing
G+ and G —bacterial biomass plus 14:0, 16:0, 17:0, 18:0,
and 20:0. The fungal to bacterial biomass ratio (F:B ratio)
was calculated by dividing the sum of all fungal PLFAs by
the sum of all bacterial PLFAs.

Analysis of soil enzyme activities

Activities of seven hydrolytic enzymes including
a-glucosidase (AG), B-glucosidase (BG), cellobiohydro-
lase (CB), N-acetylglucosaminidase (NAG), B-xylosidase
(XYL), leucine aminopeptidase (LAP), and acid phospho-
monoesterase (PHOS) were determined according to Saiya-
Cork et al. (2002) (Table S1). This protocol measures yields
of the fluorescent cleavage products MUB (4-methylumbel-
liferyl). In brief, 2 g of fresh soil was homogenized with
100 mL of 50 mM acetate buffer (pH 5.0). Then, a 200 pL.
aliquot was dispensed into a 96-well microplate from the
obtained suspension, which was continuously stirred using
a magnetic stir plate. The microplates containing enzyme
and substrate mixtures were incubated in the dark at 25 °C
for 3 h and the fluorescence quantified using a microplate
fluorometer (Synergy™ H1, Biotek) at 365 nm excitation
and 450 nm emission wavelengths. | -3, 4-dihydroxypheny-
lalanine (; -DOPA) was used as substrate for spectrophoto-
metrical analysis for the activities of phenol oxidase (PHOX)
and peroxidase (PERO) according to DeForest (2009). All
enzyme activities were expressed as nmol product g~! dry
soil h™L. A geometric mean enzyme activity (GMEA) (a
general index to integrate information from variables that
possess different units and range of variation) for each
sample was calculated as follows: GMEA =(AGXxBGxC
B x XYL XNAG x LAP x PHOS x PHOX x PERO)"°. The
GMEA was used to estimate the total enzyme activity by
considering that it is sensitive to changes in soil management
(Garcia-Ruiz et al. 2008).

Measurements of soil microbial activities

Microbial C source utilization profiles were employed to
assess soil microbial activities using the MicroResp™ CO,
detection system following the addition of a range of sub-
strates according to Campbell et al. (2003). In brief, sieved
(<2 mm) soil was pre-incubated at 40% of WHC for 7 days
to allow the respiratory activity of the microbial community
to settle. Colorimetric CO,-traps were prepared in microplate
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wells by dispensing 150 mL of a warm (55 °C) Noble agar-
(1%) based gel containing cresol red (12.5 ppm, w/w), potas-
sium chloride (150 mM), and sodium bicarbonate (2.5 mM).
A total of 15 C substrates, including carbohydrates (D-glu-
cose, D-galactose, D-fructose, and N-acetylglucosamine),
amino acids (aspartic acid, glycine, y-amino-butyric acid,
and arginine), carboxylic acids (citric acid, oxalic acid, malic
acid, and succinic acid), and phenolic acids (vanillic acid,
syringic acid, and protocatechuic acid) were prepared. A ster-
ile water was used for soil basal respiration measurement.
Soil was delivered to a deep-well microplate (0.30 g per well)
containing a solution of pre-dispensed C sources in relevant
wells. The final soil moisture content was adjusted to 60%
WHC before the system was sealed and incubated at 25 °C
for 6 h. The initial and final CO,-trap absorbance values at
570 nm of the detection plates were determined. Absorbance
values were then converted to CO, concentration, following
construction of a standard curve as described by Campbell
et al. (2003); then, respiration rates (ug CO,-C g~' h™!) from
individual soil were calculated.

Statistical analyses

A three-way analysis of variance (ANOVA) was used to
determine the effects of biochar, organic amendment and
time and their interactions on soil CO, emission rates, soil
temperature, and moisture in the field condition. A two-way
ANOVA was used to determine the effects of biochar and
organic amendment and their interactions on soil properties,
microbial PLFAs, enzyme activities, and substrate-induced
respiration. Data sets were checked for normality and homo-
geneity of variance and transformed when necessary. Rela-
tionships between soil respiration rates, soil characteristics,
microbial PLFAs, and enzyme activities were tested using
Pearson’s correlation. To assess how biochar and organic
amendments influence the composition of main microbial
groups, a two-way permutational multivariate analysis of
variance (PERMANOVA) was carried out using the adonis
function in the package “vegan” in R. Redundancy analysis
(RDA) was performed to determine how the soil chemical
properties, and soil C and N pools were related to compo-
sition of main microbial groups by using CANOCO for
Windows 4.5. The significance of the relations between the
ordination and explanatory variables was tested by using a
permutation test with 999 permutations.

A structural equation modeling (SEM) was constructed
to identify how organic amendment and biochar influenced
soil CO, efflux based on the relationships among soil res-
piration, soil C quality, microbial biomass, and enzyme
and microbial activities. Firstly, we assumed that organic
amendment and biochar induced contrasting effects on soil
labile C concentrations and microbial biomass, which fur-
ther affected soil enzyme and microbial activities; and such

changes ultimately modulated microbial response of organic
C decomposition to biochar and organic amendment addi-
tion. In our model, biochar and organic amendment were
regarded as exogenous variables; labile C pool, microbial
PLFAs, total enzyme activities, and microbial C utilization
were treated as endogenous variables, and soil CO, efflux
was considered a response variable. Adequate model fits
were indicated by the X2 test (df >5; P>0.05), goodness-
of-fit index (GFI), and a low root-mean-square error of
approximation (RMSEA) (<0.05) (Hooper et al. 2008).
Furthermore, we calculated the standardized total effects of
each variable on soil CO, efflux by summing all direct and
indirect effects. All the SEM analyses were conducted using
AMOS 18.0 software (IBM, Chicago, IL, USA).

Results
Soil respiration

Soil CO, emission rates significantly (P <0.05) decreased
from June 2017 to January 2018 following the decrease of
soil temperature (Fig. 1 and Fig. S1). Straw and manure
amendments alone significantly increased soil CO, emis-
sion rates by 89% and 127% on average, respectively. Bio-
char addition had a significant effect on soil CO, emission
rates. Biochar co-applied with straw or manure significantly
decreased soil CO, emission rates by 19% and 36% on
average compared with the sole straw and manure addi-
tion. There were significant (P <0.001) interactive effects
of biochar and organic amendment on soil CO, emission
rates, whereas the interactions of biochar X time (P =0.46),
biochar X organic amendment X time (P=0.31) were not
significant in any case.

Main soil properties, labile and recalcitrant Cand N
pools

The two-way ANOVA shows that organic amendment and
biochar significantly (P <0.05) affected soil pH, and the con-
tents of SOC and TN, but they had no significant interactions
on them (Table 2). Straw and manure addition alone slightly
increased pH, SOC, and TN, whereas biochar co-applied
with straw and manure remarkably increased the contents
of SOC and TN relative to the biochar-untreated soils.
In biochar-treated soils, the C/N ratios were significantly
decreased (by 12% and 22%) by straw and manure addition.
Straw and manure addition alone significantly increased soil
available N and P contents, whereas biochar addition had
little effect on them with the exception of an increase in
soil available K content. Biochar and organic amendment
had no significant effects on soil temperature and moisture
(Fig. S1).
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Fig. 1 Temporal changes of soil CO, efflux rate in a dry cropland from June 12, 2017, to January 2, 2018. Treatments amended and non-
amended with biochar are shown with (+ Biochar) and (— Biochar), respectively. Vertical bars are standard deviations of the mean (n=3)

Table 2 Effects of straw, manure, and biochar amendments on selected soil properties

Treatments pH (H,0) SOC TN C/N Available N Available P Available K
(gke™) (gke™ (mg kg™ (mgkg™)  (mgkg™)

—Biochar  Control 477+0.08  4.39+0.37 0.51+£0.04 8.54+0.42 56.01+6.11 2.24+2.06 110.47 £25.92

Straw 5.03£0.16 5.01+0.71 0.51+£0.07 9.9+0.36 63.48+12.62 2.77+1.19 132.9+37.63

Manure 523+£0.25 6.25+0.35 0.69+£0.05 9.07+0.56 70.00+7.41 13.41+4.06 173.73 +£28.20
+Biochar  Control 5.05+£0.26 9.29+0.72 0.56+0.05 16.72+2.65 51.07+7.99 2.44+0.89 172.67 +£38.99

Straw 5.17+£0.08  9.29+0.71 0.64+0.09 14.71+£226  52.73+2091 5.54+4.41 209.55+28.70

Manure 5.41+0.15 10.21+0.17  0.80x0.11 1297+1.98  87.20+15.32 15.05+2.38  201.80+30.86
Two-way ANOVA

OA 0.006 0.002 0.001 0.249 0.002 <0.001 0.077

Biochar 0.034 <0.001 0.018 <0.001 0914 0.271 0.003

OA xBiochar  0.816 0.362 0.602 0.105 0.063 0.739 0.430

Treatments amended and non-amended with biochar are shown with (+Biochar) and (— Biochar), respectively. OA, organic amendment; SOC,
soil organic C; TN, soil total N. Data are means+S.D., n=3. The data in bold indicated that the soil property was significantly affected by

organic amendment, biochar treatments, or their interaction (P <0.05)

Straw and manure addition alone significantly increased
the size of soil labile C pool I (LPI-C) by 38% and 15%
on average, respectively, in comparison with the control
(Fig. 2). In contrast, biochar in combination with straw
or manure decreased the LPI-C contents by 24% and 11%
compared to the straw or manure addition alone, respec-
tively. The sizes of recalcitrant C pool (RP-C) were remark-
ably higher in biochar-treated soils relative to the biochar-
untreated soils. There was a significant interactive effect of
biochar and organic amendment on the size of LPI-C. Straw
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and manure addition alone decreased the size of LPI-N,
while manure slightly increased the size of RP-N. Biochar-
treated soils had significantly lower size of LPI-N but higher
size of RP-N than the biochar-untreated soils.

Phospholipids fatty acid (PLFA)
The concentrations of total PLFAs and all the individual

groups were significantly (P <0.05) increased by organic
amendments in both biochar-treated and non-biochar-treated
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Fig.2 Effects of straw, manure, and biochar amendments on labile
C and N pools I (LPI-C and LPI-N), labile C and N pools II (LPII-
C and LPII-N), and recalcitrant C and N pools (RP-C and RP-N).

soils with the exception of actinobacteria (Fig. 3). Biochar
addition hardly affected the concentrations of total PLFAs
and individual groups. Straw and manure addition induced
a higher F/B ratio regardless of biochar application. The
PERMANOVA showed no effects of organic amendment
(P> 0.05) on the composition of main microbial groups in
the topsoil. There were no significant differences in their
composition between biochar-treated and untreated soils as
indicated by the pattern of RDA (Fig. 4A). TN, AP, LPII-C,

Treatments amended and non-amended with biochar are shown with
(+Biochar) and (— Biochar). Vertical bars are standard deviations of
the mean (n=3)

pH, LPII-N, and RP-N were positively correlated with the
main microbial groups (Fig. 4A and Table S2).

Soil enzyme activities and microbial metabolic
profiles

Straw and manure amendments had positive effects on the
enzyme activities, whereas the presence of biochar had nega-
tive effects on them (Fig. 5). Compared to manure alone, the
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Fig. 3 Effects of straw, manure, and biochar amendments on the con-
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Fig.5 Effects of straw, manure, and biochar amendments on soil
enzyme activities. AG, a-glucosidase; BG, B-glucosidase; CB, cel-
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phenol oxidase; PERO, peroxidase; GMEA, geometric mean of the
assayed enzyme activities. Treatments amended and non-amended
with biochar are shown with (+Biochar) and (—Biochar), respec-
tively. Vertical bars are standard deviations of the mean (n=3)
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combined application of biochar and manure significantly
(P <0.05) decreased the activities of p-glucosidase (BG)
by 49%, p-D-cellobiosidase (CB) by 60%, p-xylosidase
(XYL) by 25%, phenol oxidase (PHOX) by 40%, peroxidase
(PERO) by 31%, and GMEA by 36%, respectively. Signifi-
cant interactive effects of biochar and organic amendment
were detected in the activities of CB, XYL, PHOX, and
enzyme C/N ratio. There were significant (P <0.05) differ-
ences in the enzyme activities between biochar-treated and
untreated soils (Fig. 4B).

Soil basal respiration and microbial activities of most of
the tested substrates were increased by straw or manure addi-
tion, but significantly decreased in the biochar-treated soils
(Fig. 6 and Fig. S2). Significant interactive effects of biochar
and organic amendment were detected in the carbohydrates
and carboxylic acids oxidation.

Linkages among soil C and N pools, enzyme
activities, microbial biomass, metabolic function,
and soil respiration

The enzyme activities showed weak correlations with the
soil chemical properties, but the total enzyme activities
(indicated by GMEA) and those involved in C dynam-
ics significantly (P <0.05) correlated with the microbial
PLFAs (Fig. S3 and Table S3). Soil basal respiration and
those induced by the tested substrates (except for phe-
nolic acids) had weak correlations with soil C and N
pools, but significantly and positively correlated with the

PLFAs and the activities of AG, BG, PHOX, PERO, and
NAG (Fig. S4). The soil respiration rate almost had no
significant correlations with the soil chemical properties
and organic C and N composition, but significantly and
positively correlated with PLFAs, enzyme activities, and
substrate-induced respirations (Fig. 7).

The SEM provided good fits to the data (X2= 8.144,
df=8, P=0.420, RMSEA =0.033), and explained 62% of
the variance in soil basal respiration (Fig. 8A and Table S4).
Overall, organic amendment affected soil CO, efflux through
its significant impact on total PLFA contents and GMEA,
while biochar addition affected soil CO, efflux through
affecting LPI-C and GMEA. Standardized total effects
revealed that organic amendment had a positive effect
whereas biochar had a negative effect on the soil CO, efflux,
which was mainly driven by the GMEA, followed by the
microbial C utilization capacity (Fig. 8B).

Discussion

Effect of biochar co-applied with organic
amendments on soil respiration

In this study, we observed a contrasting effect of biochar
and organic amendment on soil respiration (Fig. 1). The
significant increase in CO, emission rate under straw and
manure addition during the whole experiment suggested
the stimulation of straw and manure amendments on soil
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Fig.6 Effects of straw, manure, and biochar amendments on soil
basal respiration and microbial C source utilization rates. Treatments
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and (— Biochar), respectively. Vertical bars are standard deviations of
the mean (n=23)
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fatty acid; G+, gram-positive bacteria; G—, gram-negative bacte-
ria; Actino., actinomycetes; AG, a-glucosidase; BG, B-glucosidase;
CB, cellobiohydrolase; XYL, p-xylosidase; PHOX, phenol oxidase;
PERO, peroxidase; BR, soil basal respiration; Chy, carbohydrates;
CxA, carboxylic acids; AmA, amino acids; PhA, phenolic acids;
TCU, total microbial C utilization rate. The asterisks indicate signifi-
cant correlations (*, P<0.05; ** P<0.01; *** P<0.001)
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bial communities. The standardized total effects (direct plus indi-
rect effects) (B) derived from the structural equation model depicted

respiration, and was consistent with a large number of stud-
ies conducted both in laboratory and in field (Troy et al.
2013; Wu et al. 2013; Liu et al. 2014; Hu et al. 2014; Duan
et al. 2020). It depended on the fact that straw and manure
contain degradable substances, such as sugar, fat, hemicel-
lulose, and cellulose, which can be decomposed and utilized
by microorganisms, resulting in a significant increase in the
release of CO,. In contrast, biochar contained less labile
compounds than straw and manure. However, a few studies
indicated that biochar application can enhance soil respira-
tion as it provides some labile C for soil microorganisms
within a short period after application (Smith et al. 2010;
Jones et al. 2011; Wang et al. 2016). Similarly, Yang et al.
(2017) reported that soil CO, emissions were increased by
129.7% and 24.4% on average under maize stover and its
biochar treatment, respectively, in a 3-year experiment.
Although biochar alone did not affect soil respiration in
this study, it is interesting to find that biochar co-applied
with straw and manure significantly decreased CO, emission
rate (by 19% and 36% on average) compared with the sole
straw and manure addition (Fig. 1). The three-way ANOVA
result also demonstrated that biochar and organic amend-
ment had an interactive effect on soil respiration. Our find-
ings were inconsistent with the observations by Hu et al.
(2014) and Duan et al. (2020) reporting that biochar co-
application with straw did not change soil CO, flux in com-
parison with the straw addition. The reported discrepancies
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respectively. Continuous and dashed arrows indicate significant and
insignificant relationships, respectively. Significant level: *, P<0.05;
** P<0.01; #*#*%, P<0.001

may be related to the differences in soil type and fertility,
biochar type, and addition rate. Decreased CO, emissions
under biochar addition indicated that biochar application had
an inhibitory effect on organic matter decomposition and
thus supported our first hypothesis. Moreover, addition of
biochar together with manure showed a lager reduction in
soil CO, emission than biochar co-applied with corn straw.
In this study, the decrease in soil CO, emissions under bio-
char addition can be explained by the changes in soil C qual-
ity, activities of enzymes involved in organic C decompo-
sition, and microbial metabolic activities (Lehmann et al.
2011; Luo et al. 2017; Chen et al. 2019) as discussed in the
following sections.

Effect of biochar and organic amendments on soil
C quality and microbial abundance and its linkage
with soil respiration

Because labile organic matter acts as a key substrate for
microbial decomposition (Wang et al. 2003; Brookes et al.
2017), the significantly increased size of soil labile C pool
I (LPI-C) under straw and manure addition (Fig. 2) partly
explained the remarkable increases in soil CO, emission
rate. As shown by Rovira and Vallejo (2002), soil LPI-C
predominantly contains polysaccharides derived from plants
(such as hemi-cellulose and starch) and from microorgan-
isms, the increase in the size of soil LPI-C can be attributed
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to the decomposition of straw and manure. In contrast, bio-
char alone did not change but its co-application with straw
and manure decreased the size of LPI-C relative to straw and
manure, which was in line with our previous finding showing
that biochar decreased soil labile C pool 20 months after a
single amendment in a rice paddy (Chen et al. 2019). The
significant interactive effect of biochar and organic amend-
ment on the size of LPI-C suggested that the decreased soil
respiration could be related to the decreased soil labile C
pool as a result of the decelerated decomposition of organic
materials under biochar co-application. As no additional
chemical fertilizers were used in the study, it is possible
that the abundant C compounds and high C/N ratio of bio-
char may have induced a stronger microbial N limitation,
leading to decreased organic matter decomposition (Guo
et al. 2020). It is also possible that biochar may increase
soil organic C stability by adsorbing the dissolved organic
C in biochar particles (Lu et al. 2014; Weng et al. 2017),
leading to reduction in soil respiration. In accordance with
a few studies suggesting that organic amendments, such
as straw and manure, slightly increase soil recalcitrant C
concentration in a short period (Liu et al. 2014; Peng et al.
2016), this study showed that biochar rather than straw and
manure amendment significantly increased the size of soil
recalcitrant C and N pools, likely due to the aromatic C and
N contents of biochar (Smith et al. 2010; Cao et al. 2012;
Chen et al. 2019). This confirms what found by Li et al.
(2018) who observed a decrease in the soil heterotrophic
respiration due to the increased soil aromatic C content of
biochar, which decreased soil labile C pool and increased
recalcitrant C pool when co-applied with straw and manure.

In this study, soil respiration rate had significant and
positive correlations with the concentrations of total PLFAs
and with those assigned to G+ and G —bacteria and fungi
(Fig. 7), suggesting that microbial abundance may be a key
driver for soil respiration (Liu et al. 2018) and confirming
the findings by Elzobair et al. (2016) and Zhu et al. (2018).
In contrast, biochar alone had no significant effect on micro-
bial abundance and the composition of main groups, sug-
gesting that biochar had less amount of labile substrates for
microbial growth than straw and manure (Lehmann et al.
2011; Wang et al. 2016). Our findings contradict those
reporting that biochar amendment improves microbial bio-
mass and clearly changed their community composition
due to improvements in soil nutrient contents and micro-
habitat conditions (Mitchell et al. 2015; Chen et al. 2015,
2019; Zhou et al. 2017). Moreover, there were no interac-
tive effects of biochar and straw and manure on microbial
abundance and community structure (Fig. 3 and Fig. 4A),
supporting our hypothesis that biochar did not interfere with
the effects of organic amendments on soil microbial commu-
nities. Therefore, the decreased soil respiration rates under
biochar in combination with either straw or manure could
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not be attributed to the unchanged microbial abundance and
the composition of main groups.

Effect of biochar and organic amendments on soil
enzyme activity and microbial C utilization and its
relationship with soil respiration

The decreased soil respiration rate under co-application of
biochar and organic amendments could be attributed to the
inhibitory effect of biochar on the enzyme and microbial
activities involved in the decomposition of organic matter
(Figs. 5 and 6). Previous studies performed both in short-
term and long-term showed that biochar addition decreased
the activity of soil hydrolases, such as B-glucosidase and
B-D-cellobiosidase involved in the degradation of carbohy-
drates in soil (Tian et al. 2016; Chen et al. 2017). Our study
showed that both p-glucosidase and p-D-cellobiosidase as
well as two oxidative enzymes (phenol oxidase and per-
oxidase) were enhanced under straw and manure treatment,
but they were significantly decreased when co-applied with
biochar. Phenol oxidase and peroxidase are among the most
important C-degrading enzymes targeting the degradation
of more recalcitrant materials, such as lignin, lignocellu-
lose, and cellulose (Sinsabaugh 2010). The decreases in
oxidative enzyme activities and their significant correla-
tions with soil respiration rate support a decrease in degra-
dation of organic matter (Fig. 7). Therefore, reductions in
the enzyme activities involved in the organic matter decom-
position can be one of the key mechanisms of declined soil
respiration under the treatment of biochar in combination
with straw and manure. Moreover, we found that the activi-
ties of N-acetylglucosaminidase and acid phosphatase were
also decreased in biochar-treated soils, which were contrary
to short-term studies (Paz-Ferreiro et al. 2015; Wang et al.
2015). We infer that the lower activities of N-acetylglucosa-
minidase and acid phosphatase in this study could be related
to the increased N and P contents of biochar-treated soils.
Guo et al. (2020) suggested that increased N and P avail-
ability under biochar could decrease microbial nutrient lim-
itation, thereby decreasing the enzyme activities involved
in N and P dynamics. Changes in enzyme activities under
biochar application depend on enzyme type and soil prop-
erty as well as feedstocks (Bailey et al. 2011; Elzobair et al.
2016; Liu et al. 2020). Furthermore, it is interesting to find
that biochar addition induced a lower enzyme and micro-
bial activities but unchanged microbial biomass, which
may suggest a higher microbial metabolic efficiency. A few
studies reported that biochar soil amendment decreased soil
enzymes and induced a higher microbial C use efficiency
(Jiang et al. 2016; Chen et al. 2017; Guo et al. 2020).

In the present study, decrease in microbial metabolic
activity in terms of C source utilization could be another
possible mechanisms of reduced soil respiration under
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biochar-treated soils. The rates of soil basal respiration
and those induced by the addition of carbohydrates and
carboxylic acids were higher under straw and manure
addition, but they were significantly lower under biochar
treatment (Fig. 6), suggesting a lower capacity of biochar-
treated soil to catabolize these substrates and supported
our second hypothesis. Our findings contradict those by
Rutigliano et al. (2014) and Liu et al. (2020) who reported
enhancements in the capacity of soil microorganisms to
utilize C sources, in particular those of recalcitrant sub-
strates. Because microbial metabolic activity is directly
linked with living microbial cells, intra- and extracellular
enzyme activities (Campbell et al. 2003), the lower C uti-
lization rate under biochar-treated soils could be attrib-
uted to the lower enzyme activities as mentioned above. In
support, the microbial utilization rates of carbohydrates,
carboxylic acids, and amino acids had significant and posi-
tive correlations with the activities of enzymes involved
in organic matter decomposition (Fig. 7). SEM analysis
also confirmed that organic amendment had a positive
effect while biochar addition had a negative effect on soil
CO, efflux, and biochar decreased soil CO, efflux mainly
through affecting soil microbial activities in terms of
enzyme activities rather than microbial biomass (Fig. 8).

Conclusions

In conclusion, the present study clearly demonstrated that
biochar co-applied with organic amendments significantly
reduced soil respiration in comparison with the sole straw
and manure addition in a dry cropped soil. Reduction in soil
respiration could, on one hand, be attributed to the decrease
in the size of soil labile C pool and increase in the size of
recalcitrant C pool, and, on the other hand, be strongly
related to the decreases in soil enzyme and microbial activi-
ties involved in organic matter decomposition, rather than
decrease in soil microbial biomass. These findings, there-
fore, provide direct evidence that biochar co-application
could mitigate the stimulation of organic amendments on
soil respiration by decreasing microbial activities. Our study
highlights that biochar co-applied with organic amendment
could be a more effective way than organic amendment
alone to promote soil C storage and fertility in infertile soils.
However, a long-term monitoring of C flux in the soil-crop
system is required to determine whether such decrease in
soil C turnover suggests a potential and sustainable increase
in C stability in agricultural soil after biochar application.
Meanwhile, shorter times than that used are needed to fol-
low the temporal dynamic of the studied soil and microbial
properties, especially their changes due to the addition of
easily degradable C.
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