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ARTICLE INFO ABSTRACT

Handling Editor: Daniel Said-Pullicino Greenhouse gas (GHG) emissions from agricultural soil have been widely discussed to combat the risks of global
warming. However, GHG emissions at the soil aggregate scale have yet to be elucidated, particularly in asso-
ciation with straw incorporation. In this study, three different sizes of soil aggregates (1-2, 0.25-1, and < 0.25
mm) were incubated in the laboratory at 25 °C for 58 days with and without rapeseed straw (Brassica napus L.)
addition to determine the extent to which aggregate sizes contribute mostly to carbon dioxide (CO2) and nitrous
oxide (N20) emissions upon straw addition. Results showed that cumulative CO5 emission in < 0.25 mm fraction
(546 mg C kg’1 soil) was significantly (P < 0.001) lower than that in 0.25-1 mm (810 mg C kg’1 soil) and < 1-2
mm (762 mg C kg’1 soil) fractions in straw-unamended treatments. Straw addition increased cumulative COy
emissions by 7.2-, 5.87-, and 13.1-fold from 1 to 2, 0.25-1, and < 0.25 mm fractions, respectively, compared
with those of the corresponding straw-unamended treatments. Straw addition increased cumulative NoO emis-
sions in each size of aggregates, and cumulative NoO emissions in 1-2 mm fraction ranked the first across the
straw-unamended and straw-amended treatments. The activities of p-glucosidase, p-cellobiohydrolase, N-acetyl-
B-D-glucosaminidase, and leucine aminopeptidase were enhanced by straw addition in each size of aggregates,
and < 0.25 mm fraction exerted the lowest enzyme activities. Structural equation modeling and redundancy
analysis confirmed that the interaction between soil physiochemical parameters (nitrate nitrogen and dissolved
organic C) and specific enzyme activities was the key driver for regulating CO, and N»O emissions. These results
implied that identifying the straw as a function of aggregate-scale GHG dynamics could improve the mechanistic
understanding of global warming.
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1. Introduction (Bandyopadhyay and Lal, 2014; Garcia-Marco et al., 2014; Kimura et al.,

2012; Zhou et al., 2017).

The increasing amount of atmospheric greenhouse gases (GHGs), i.
e., carbon dioxide (CO3) and nitrous oxide (N20), pose great challenge
to climate change and global warming (Chabbi et al., 2017). Although
the concentration of N3O is lower than that of CO5, the much greater
radiative forcing of NoO (298-fold) over a 100-year time horizon has
aggravated global warming (IPCC, 2014). The exchange of GHGs at the
soil-atmosphere interface is driven by microbial activities and inevi-
tably moderated by soil physicochemical properties (Han and Zhu,
2020). GHG emissions are dominantly controlled by soil physicochem-
ical factors, i.e., soil temperature, moisture, pH, pore size distribution,
structure, and carbon (C) and nitrogen (N) contents in soil

* Corresponding authors.

Soil aggregates are grouped in terms of different sizes and implicated
in mediating soil physicochemical processes (Zhao et al., 2017). Mi-
crobial extracellular polysaccharides induce microaggregates to form
free primary particles, reaching approximately 1 pm in diameter, and
hold each microaggregate together reiteratively up to about 0.25 mm
(Bronick and Lal, 2005b). On a grander scale, organo-mineral complexes
physically bind agents (e.g., fine roots and fungal hyphae) to macroag-
gregates with a size of > 0.25 mm (Bronick and Lal, 2005b). The distinct
characteristics of the mean pore size, substrate chemical composition,
and microbial community composition in each sized aggregate result in
small-scale heterogeneity in gaseous production and movement in soil
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(Upton et al., 2019; Wang et al., 2019a). As reported by recent studies,
changes in soil aggregate sizes can affect the activities of nitrifiers and
denitrifiers (Li et al., 2019, 2020; Zhang et al., 2021), causing differ-
ences in soil N2O emissions. However, studies have presented conflicting
results on CO, and N3O releases among differently sized aggregates.
Most studies have shown that macroaggregates (>0.25 mm) yield higher
levels of CO2 and N3O than microaggregates (<0.25 mm; Bandyo-
padhyay and Lal, 2014; Jayarathne et al., 2021; Ley et al., 2018; Rob-
inson et al., 2014; Wang et al., 2019a). Other studies have indicated
opposite views in some cases (Mangalassery et al., 2013; Reeves et al.,
2019; Uchida et al., 2008). Furthermore, explicit trends have yet to be
drawn.

Studies on the effects of soil aggregate size have separately focused
on CO; and N;O emissions. Therefore, further studies should be per-
formed to reveal aggregate-scale GHG dynamics, which is critical for the
understanding of the mechanisms regulating GHG emissions and miti-
gating climate change.

The huge crop straw produced in China is almost one-third of the
world’s production and can directly pose an air quality problem if it is
burned in an open field (Li et al., 2017). In this context, partial or full
straw returning has been recommended to maintain soil productivity
and alleviate the negative influence of combustion on climate. The
returning of straw can also be relevant for the increasing importance of
various initiatives, such as those aiming to increase soil organic C (SOC)
stocks (Liu et al., 2014; Soussana et al., 2019) or circular economy
(Cantzler et al., 2020). The importance of aggregates on soil functions
increases when crop straw is incorporated in soil because crop straw
returning can alter soil aggregate-size distribution and associated C
storage (Wang et al., 2019c¢). Fresh straw incorporation promotes the
generation of soil binding agents, such as protein, polysaccharides, and
microbe-derived gelatinous substances; consequently, it helps soil
microaggregates bind to macroaggregates (Huang et al., 2018).
Furthermore, Messiga et al. (2011) showed that straw returning also
increases the aggregate-associated C content of all sizes, especially in
macroaggregates. Therefore, the effect of aggregate sizes on GHG
emissions may be related to the influence of crop straw returning. Pre-
vious studies only focused on GHG fluxes from bulk soils in response to
crop straw addition (Wang et al., 2019b). For example, crop residue
input in soil can provide sufficient amount of easily decomposable and
energy-rich substrates for soil microbes, resulting in either the acceler-
ation or suppression of existing SOC decomposition (Wu et al., 2019).
Crop residues are preferentially allocated to microbial biomass (anab-
olism), whereas the remaining crop residues are lost to the atmosphere
as CO, through respiration (catabolism; Mehnaz et al., 2019). The two
primarily microorganism-mediated processes of N2O production in soils
are nitrification and denitrification (Wrage et al., 2001). Once incor-
porated, crop residues often stimulate the growth of soil nitrifying and
denitrifying microbes, thereby strongly influencing N2O emissions
(Zhou et al., 2020).

Studies have focused on the response of CO; and NoO emissions to
crop straw incorporation or different aggregate sizes in an isolated
manner. Therefore, further studies should investigate the underlying
mechanisms driving aggregate sizes in relation to CO2 and N2O emis-
sions upon crop straw addition. Here, we hypothesized that 1) straw
addition would increase labile C, N, and enzyme activities, consequently
increasing CO, and N,O emissions in each soil aggregate size, and 2) an
interaction would occur between soil aggregate size and straw. As such,
the increase in CO5 and N,O emissions with straw addition would be
greater in large aggregates, which were associated with high labile C, N,
and enzyme activities. To test these hypotheses, we performed a labo-
ratory experiment by using three different sizes of soil aggregates (1-2,
0.25-1, and < 0.25 mm) combined with rapeseed straw. Extracellular
enzyme activities are great indices of microbially driven organic com-
pound decomposition because of their rapid response to environmental
changes (Nie et al., 2014; Sinsabaugh et al., 2002). Changes in the ac-
tivities of soil extracellular enzymes (B-glucosidase [BG],
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Table 1
Properties of bulk soil and differently sized soil aggregates.

Soil properties Bulk soil Aggregate fractions
1-2 mm 0.25-1 mm < 0.25 mm
TC (g kg™ 16.52 + 17.31 + 17.00 + 15.20 +
0.06 0.00 0.04 0.02
TN (g kg ) 1.91+0.01 221+0.03 210+0.00 1.73+0.02
DOC (mg kg’l) 38.19 + 48.17 + 40.35 + 42.82 +
3.42 2.20 0.98 2.96
NH; -N (mg kg ) 3.56+0.06 4.69+0.67 3.02+0.77 3.81+0.07
NO3-N (mg kg’l) 14.10 + 20.80 + 16.20 + 19.10 +
0.10 1.00 1.70 0.90
Aggregate proportion - 12 13 28

(%)

Abbreviations: TC, total carbon; TN, total nitrogen; DOC, dissolved organic
carbon; NH4-N, ammonia nitrogen; NO3-N, nitrate nitrogen. Values are means
+ standard errors (n = 3).

p-cellobiohydrolase [CB], N-acetyl-p-D-glucosaminidase [NAG], and
leucine aminopeptidase [LAP], phenoloxidase [po] and peroxidase
[per]), involved in soil C and N mineralization were further monitored
to explore the underlying mechanisms of the observed varying GHG
emissions induced by soil aggregate sizes upon straw addition. Our in-
tegrated laboratory experiment aimed to (1) investigate the responses of
CO, and N5O emissions and soil enzyme activities to differently sized
soil aggregates upon straw addition and (2) elucidate the underlying
mechanisms of how soil aggregate sizes interacted with straw addition
driving GHG emissions. This study provided a basis for lessening the
large uncertainties in GHG exchanges because of soil heterogeneity and
for evaluating the combined climatic impact of GHGs at the soil aggre-
gate scale.

2. Materials and methods
2.1. Soil and crop straw processing

The soil used in the study was obtained from the surface layer (0-15
cm) of an upland

field (112°10’ N, 30°13’ E) in Buhe Town, Hubei Province, China.
The climate is characterized as typical subtropical monsoon climate, and
the annual mean air temperature and precipitation are 17.9 °C and 1055
mm, respectively. The studied soil was developed from an alluvium
parent material and classified as fluvo-aquic according to the Genetic
Soil Classification of China (Xi et al., 1998) or Fluvisol according to the
World Reference Base for soil resources (IUSS Working Group WRB,
2015). The topsoil (0-15 cm) was characterized by silty loam texture
(10% clay, 42% silt, and 48% sand), and the pH and bulk density of bulk
soil were 7.31 (H20) and 1.4 g cm ™3, respectively.

The soil samples were air dried, and large dry lumps were carefully
broken apart along the planes of weakness with a rubber hammer. After
the recognizable organic debris and stones were gently removed, the
soils were placed evenly on a set of sieves with 2, 1, and 0.25 mm
openings. The sieve set was placed on a mechanical rotary shaker at a
shaking frequency of 1 oscillation s~! for 30 min, ultimately generating
three differently sized aggregates: 1-2, 0.25-1, and < 0.25 mm. The
properties of different fractions of soil aggregates and bulk soil are
shown in Table 1. The rapeseed straw (Brassica napus L.) was collected
from an experimental field at Huazhong Agricultural University (30°27’
N, 114°16’ E), Wuhan, China. The collected straws were oven dried at
60 °C to a constant weight, chopped, ground coarsely to<1 mm with a
mill grinder, and divided into two portions. One portion was stored in a
desiccator until it was used, and the other portion was used to measure
total C (TC) and total N (TN) by using a C/N elemental analyzer (Vario
PYRO, Elementar, Germany). The TC and TN contents of rapeseed straw
were 368.3 and 20.3 g kg~! dry biomass, respectively.
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Fig. 1. The dynamics of CO (a, b) and N0 (c, d) fluxes in different soil aggregate sizes with and without straw addition over a 58-day incubation. The vertical bars
in the panel represent the standard error of the mean (n = 3). Abbreviations: CO,, carbon dioxide; N5O, nitrous oxide.

2.2. Experimental design

The soil aggregate samples of three fractions (1-2, 0.25-1, and <
0.25 mm) and bulk soil were pre-incubated at 25 °C for 7 days with the
soil moisture of 50% water-filled pore space (WFPS) to achieve soil
microbial stabilization (Butterly et al., 2010).

After pre-incubation, soil was moistened to 60% WFPS, which is an
adequate moisture content to obtain the maximum NO fluxes (Pile-
gaard, 2013) by spraying with sterile deionized water. The three soil
aggregate fractions and bulk soil were treated with and without straw
addition. The added rapeseed straws were carefully mixed with soil at a
rate of 10 mg g~ ! dry soil. Each of the treatments was built by weighing
20 g of soil (dry weight basis) into a 50 mL polypropylene tube. A set of
eight tubes of each treatment was transferred into a 1 L glass jar for gas
emission analysis. Another set of 15 tubes of each treatment was also
transferred into 1 L glass jars for destructive soil sampling. All the
treatments were replicated three times. All the jar tops were wrapped
with polyethylene film with some pinholes to allow air exchange and
then incubated at 25 °C for 58 days in an incubator. Soil moisture was
maintained at 60% of WFPS by periodically supplying water to the in-
cubation vessels.

2.3. Gas sampling and analysis

GHG sampling was carried out on days 1, 2, 3, 4, 5, 8, 11, 15, 20, 26,
32, 38, 44, 50, and 58 of the incubation. The gases were sampled in
accordance with the approach of Shaaban et al. (2019). The headspace
of each jar was first purged with fresh air for about 15 min after the
polyethylene film was removed. The jars were hermetically sealed by
using the lids with a rubber septum for gas collection. About 30 mL of
gas was obtained from the headspace by using a gas-tight syringe at
0 and 1 h after jar closure. The CO; and N2O concentrations were
quantified through gas chromatography (GC-7890A, Agilent Technolo-
gies, USA). N2O was detected with an electron capture detector (ECD),
and CO, was detected with a flame ionization detector (FID; Wang and
Wang, 2003). Gas fluxes were calculated from the changes in gas

concentrations between 0 and 1 h after adjustments were made in
accordance with the ideal gas law (Mackenzie et al., 1998). Total cu-
mulative fluxes were estimated according to previously described
methods (Kool et al., 2006).

2.4. Soil sampling and analysis

Soil was taken through destructive sampling at 1, 2, 3, 4, 5, 8, 11, 15,
20, 26, 32, 38, 44, 50, and 58 days for dissolved organic C (DOC),
mineral N (NHj-N and NOs3-N), and enzyme activities analyses.
Deionized water was used to extract soil DOC at a ratio of 1:5 soil:water
(w:v; Shaaban et al., 2019). The mixture was shaken for 1 h before
centrifugation and then filtered using a 0.45 pm filter. The extracted
solution was assayed with a TOC analyzer (Vario Select, Elementar,
Germany). NH4-N and NO3-N were extracted with 1 mol L~ KCl (1:5,
w:v) for 1 h and filtered through ash-free filters (Shaaban et al., 2019).
The extracted solution was quantified with a flow-injection analyzer
(Seal Auto Analyzer, Germany). Soil pH was measured with a pH meter
(Sartorius, PB-10, Germany) at a ratio of 1:2.5 soil:water (w:v). The soil
TC and TN were measured using a C/N elemental analyzer (Vario PYRO,
Elementar, Germany). Soil particle size (clay, silt, and sand) was
analyzed using pipette methods (Kettler et al., 2001). The 100 cm®
volumetric cutting rings were used to measure bulk density (Blake and
Hartge, 1986).

The potential activities of four hydrolytic enzymes (BG, CB, NAG,
and LAP) were determined in accordance with a fluorometric approach
(Marx et al, 2001). 4-Methylumbelliferyl-p-D-glucopyranoside, 4-
Methylumbelliferyl-p-D-cellobioside, L-Leucine-7-amino-4-methyl, and
4-Methylumbelliferyl-N-acetyl-p-D-glucosaminide were used as sub-
strates in the assay on the activities of BG, CB, LAP, and NAG, respec-
tively. The potential activities of two oxidative enzymes (po and per)
were determined in accordance with the previous methods of Saiya-Cork
et al. (2002). L-3,4-Dihydroxyphenylalanine (DOPA) substrate was used
to detect po and per activities. The detailed processes of the assays for
BG, CB, LAP, NAG, po, and per activities are presented in Supplementary
Information.



M. Jiang et al.

% 10000 -

7 (a) I without straw Zize P ;(i(())%lol

‘T [ ] : raw .

‘_941) B with straw Interaction P<0.001 C

O 8000 — k-
4

on

g . B N

é 6000 — = *

& 4000

o

O

o

.2 2000 —

ks b b

g a

R o

1-2 mm 025-1mm <0.25 mm

Geoderma 401 (2021) 115342

= 800
2 (b) Size P<0.001
T % B Straw P<0.001
&D Interaction P=0.003
4 _
<, 600
3
&
2 A
% 4004 ¢ . A
g %
[
ON
% 200 - a
R
=
g
=
o 0-
1-2 mm 025-1mm <0.25 mm

Fig. 2. Cumulative CO; (a) and N>O (b) emissions in different soil aggregate sizes with and without straw addition over a 58-day incubation. Different uppercase or
lowercase letters above the boxes indicate the statistical significances among aggregate sizes in treatments with or without straw addition at P < 0.05, respectively. *
indicates the statistical significances between treatments with and without straw addition for a specific aggregate size at P < 0.05. The vertical bars in the panel
represent the standard errors of the mean (n = 3). Abbreviations: CO,, carbon dioxide; N»O, nitrous oxide.

2.5. Contribution of soil aggregates to GHG emissions from bulk soil

The GHG emissions from individual differently sized aggregates
(FBgyg) were quantified with regard to GHG emissions from bulk soil in
accordance with the following equation (Bandyopadhyay and Lal,
2014):

FBeuc = Fong X R

where FBgpg is the GHG emission from individual aggregates (mg kg ™"
soil), Fgyg is cumulative GHG emissions in individual aggregate treat-
ments (mg kg~! aggregate fraction), and R is the corresponding aggre-
gate proportions in bulk soil (%).

The contribution (Cr) of GHG emissions from individual aggregates
to GHG emissions from bulk soil was calculated with the following
equation (Bandyopadhyay and Lal, 2014):

C, = FBguc/Berc

where Bgyg is GHG emission from bulk soil (mg kg’1 bulk soil) (data not
shown).

2.6. Statistical analyses

Repeated measures ANOVA was carried out to test the effects of soil
aggregate size, straw addition, and interaction on soil mineral N content,
DOC content, and enzyme activities. Two-way ANOVA with Duncan’s
test was performed to compare the differences in cumulative CO, and
N2O emissions between treatments. Redundancy analysis (RDA) was
conducted to determine the relationships between response (CO2 and
N,0) and explanatory variables. The explanatory variables responsible
for GHG emissions were selected through best subset searching, and any
model with a high multicollinearity (i.e., any variable with a variance
inflation factor>10) was excluded. The coefficient of determination of
the RDA model (Borcard et al., 1992) was used to divide the variation in
response variables based on soil physiochemical parameters (NO3-N and
DOC) and extracellular enzymes (BG, NAG, LAP, and po). Partial least
squares structural equation modeling (PLS-SEM) was performed to
further decouple the effects of soil physiochemical parameters and
enzyme activities on GHG emissions because of the strong interaction
effect between soil physiochemical parameters and enzyme activities on
GHG emissions. Three separate PLS-SEM models for 1-2, 0.25-1, and <
0.25 mm aggregate fractions were employed to indicate the changes in
the driving forces of GHG emissions. All the statistical analyses were
developed in R version 4.0.2 (R Core Team, 2020), and PLS-SEM and
RDA, and variation partition were performed with vegan (Oksanen et al.,

2019) and plspm (Sanchez et al., 2017) package.
3. Results
3.1. CO5 and N,0 emissions

In the straw-unamended treatments, CO; fluxes gradually decreased
during the 58-day incubation period (Fig. 1a). The mean values of CO;
fluxes were 0.89, 0.93, and 0.32 mg C kg’1 soil h™! for 1-2, 0.25-1, and
< 0.25 mm fractions, respectively. The CO, fluxes increased rapidly
after straw incorporation and peaked on day 9 (Fig. 1b). The mean CO4
fluxes from the straw-amended treatments were 7.76, 7.55, and 10.12
mg C kg~ ! soil h™! in 1-2, 0.25-1, and < 0.25 mm fractions, respec-
tively. The soil aggregate size markedly affected cumulative CO, emis-
sions (P < 0.001). The largest emission in 0.25-1 mm fraction and the
smallest in < 0.25 mm fraction were found in the straw-unamended
treatments (Fig. 2a). The interaction effect on cumulative COy emis-
sions between straw addition and soil aggregate sizes was strong (P <
0.001). Straw addition significantly increased cumulative CO, emissions
in each aggregate fraction (P < 0.001), with a greater effect in < 0.25
mm fraction, and the cumulative CO5 emissions in < 0.25 mm fraction
was 23.3% and 38.5% higher than those in 1-2 and 0.25-1 mm
fractions.

In the straw-unamended treatments, N,O fluxes decreased from soil
over time (Fig. 1c). The level of N3O fluxes remained lower in < 0.25
mm fraction than in the other aggregate fractions during the first 11
days. The fluxes of N2O peaked at approximately 5 days in the treat-
ments with straw addition and then declined until the end of the incu-
bation (Fig. 1d). The mean N3O fluxes were 1.15, 0.64, and 0.57 pg N
kg_1 soil h™! in 1-2, 0.25-1, and < 0.25 mm fractions, respectively,
which were greater than those in the straw-unamended treatments.
Aggregate size (P < 0.001), straw (P < 0.001), and their interaction (P =
0.003) significantly affected cumulative NoO emissions (Fig. 2b). Straw
addition increased the cumulative N2O emissions in each size of ag-
gregates, but the significant difference was not observed in 0.25-1 mm
fraction. The cumulative N»O emission in 1-2 mm fraction was signifi-
cantly higher than that in 0.25-1 and < 0.25 mm fractions across the
straw-unamended and straw-amended treatments (P < 0.001).

In the straw-unamended treatments, cumulative CO5 emissions in <
0.25 mm fraction had the highest contributions towards the emissions in
bulk soil, followed by 0.25-1 and 1-2 mm fractions (Table S1). By
contrast, cumulative NoO emissions in the 1-2 mm fraction had the
greatest contribution towards the emissions in bulk soil. The straw
addition resulted in a reduction in the contribution of 1-2 and 0.25-1
mm fractions to the CO5 and N,O emissions of bulk soil and increased
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Table 2
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Probability (P) of soil aggregate size classes (size), straw addition (straw), incubation time (time) and their interactions on soil properties and enzyme activities based

on repeated measures analysis of variance.

DOC NH;-N NO3-N BG CB LAP NAG po per
straw < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.023 ns
size ns ns < 0.001 0.006 0.013 0.014 0.012 < 0.001 0.005
time ns < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.006
straw x size 0.009 ns 0.015 0.001 0.006 ns 0.007 ns ns
straw x time < 0.001 ns 0.005 < 0.001 < 0.001 < 0.001 0.007 ns ns
size x time ns ns ns 0.035 ns ns ns ns ns
straw x size x time ns ns ns 0.004 0.04 ns ns ns ns

Abbreviations: DOC, dissolved organic carbon; NHZ-N, ammonia nitrogen; NO3-N, nitrate nitrogen; BG, p-glucosidase; CB, f-cellobiohydrolase; LAP, leucine
aminopeptidase; NAG, N-acetyl-p-D-glucosaminidase; po, phenoloxidase; per, peroxidase. P < 0.05, significant; ns, not significant with P > 0.05.

150

150

(a) without straw 122 mm

—A— (0.25-1 mm

—¥—<0.25 mm
100

DOC (mg C kg " soil)
W
(e

(b) with straw

+ -1 .
NH,"-N (mg N kg~ soil)

200
(e) without straw

150

100

W
S
|

NO,-N (mg N kg™' soil)

200

Incubation Day

20 30 60

Incubation Day

Fig. 3. The variation of soil DOC (a, b), NH-N (c, d) and NO3-N (e, f) contents in different soil aggregate sizes with and without straw addition over a 58-day
incubation. The vertical bars in the panel represent the standard errors of the mean (n = 3). Abbreviations: DOC, dissolved organic carbon; NH;-N, ammonia ni-

trogen; NO3-N, nitrate nitrogen.
the contribution of < 0.25 mm fraction.

3.2. Soil DOC, NH}-N, and NO3-N content

The soil DOC content was significantly influenced by straw addition
(P < 0.001) but not by soil aggregate size (Table 2). Their interaction
obviously affected soil DOC contents (P = 0.009). The soil DOC contents
gradually decreased during incubation (Fig. 3a and b). In the straw-
unamended treatments, the highest average DOC content was

observed in 1-2 mm fraction compared with that in the other fractions
(Fig. 4a). Straw addition increased the average DOC contents in each
aggregate, and the effect was the strongest in < 0.25 mm fraction, fol-
lowed by that in the 0.25-1 mm fraction.

The soil NH4-N content was only significantly influenced by straw
addition (P < 0.001, Table 2). The NH}-N contents decreased with the
extension of the incubation time (Fig. 3c and d). In the samples incu-
bated without the straw, the average NH{-N were similar among three
aggregate sizes (Fig. 4b). Straw addition increased the average NH4-N
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bars in the panel represent the standard errors of the mean (n = 3). Abbreviations: DOC, dissolved organic carbon; NH;-N, ammonia nitrogen; NO3-N, nitrate
nitrogen; BG, B-glucosidase; CB, B-cellobiohydrolase; LAP, leucine aminopeptidase; NAG, N-acetyl-p-D-glucosaminidase; po, phenoloxidase; per, peroxidase.

contents, and the highest content was found in < 0.25 mm fraction.

Soil aggregate size, straw addition, and their interaction significantly
affected the soil NO3-N contents (Table 2). The soil NO3-N contents
rapidly declined during the initial 10 days, but the stable contents of
NOj3-N were found thereafter and until the end of the incubation period
(Fig. 3e and f). The straw addition increased the average NO3-N contents
in each aggregate size (Fig. 4c). Regardless of straw addition, the
average NO3-N contents were higher in the 1-2 mm fraction than in the
other fractions.

3.3. Soil extracellular enzyme activities

The activities of all the tested enzyme were significantly affected by
soil aggregate size, straw addition, and their interaction (P < 0.05)
except that the activity of per was not significantly affected by straw
addition (Table 2). Straw addition resulted in a rapid increase in BG and
CB during the first 11 days in 1-2 and 0.25-1 mm fractions (Fig. S1b and
d). The average BG and CB activities were significantly higher in 1-2 and
0.25-1 mm fractions than in < 0.25 mm fraction in the straw-amended
treatments (P < 0.05; Fig. 4d and e). The activities of LAP and NAG
exhibited their own temporal patterns (Fig. Sle-h). The activity of LAP
increased with time during the first 11 days and then decreased

gradually regardless of straw addition. The NAG activity fluctuated
rapidly with time. The average LAP activity in < 0.25 mm fraction was
lower than that in the other fractions in the straw-unamended and straw-
amended treatments (Fig. 4f). The average NAG activity in three
different aggregate sizes did not significantly differ in the straw-
unamended treatments (Fig. 4g). The activities of LAP and NAG were
stimulated by straw amendment, where 1-2 mm fraction had the highest
average LAP and NAG and < 0.25 mm fraction had the lowest (Fig. 4f
and g). The lowest average po and per activities occurred in < 0.25 mm
fraction in the straw-unamended and straw-amended treatments
(Fig. 4h and i). No significant differences in po and per activities were
found between 1 and 2 and 0.25-1 mm fractions.

3.4. Linkages between GHG emissions and soil properties

The best subset searching revealed that NO3-N, DOC, BG, NAG, LAP,
and po were the best explanatory variables for CO; and N3O fluxes
(Fig. 5), which explained approximately 54.1% of the variation in CO»
and N»O emissions, and 50.7% and 3.4% of information were explained
with the first and second axes, respectively. The GHG emissions for the
straw-amended treatments were obviously separated from those for the
straw-unamended treatments. The variations in CO, and N3O emissions
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Fig. 5. Ordination plot of redundancy analysis (RDA) for the CO; and N,O
emissions with soil properties as constraining variables. The solid and open
marks denote treatments with and without straw addition, respectively. Ab-
breviations: DOC, dissolved organic carbon; NO3-N, nitrate nitrogen; BG,
B-glucosidase; LAP, leucine aminopeptidase; NAG, N-acetyl-f-D-glucosamini-
dase; po, phenoloxidase.

with respect to the soil DOC and NO3-N contents and enzyme activities
were partitioned (Fig. S2). The soil DOC and NO3-N contributed 8.5%,
whereas BG, LAP, NAG, and po contributed 18.9%. Their interactive
effects had the highest contribution (24.9%) to the variation in
emissions.

The PLS-SEM analysis identified the pathways mediating COy and
N,O emissions (Fig. 6). The soil DOC elicited dominant direct promoting
effects on CO5 emission. The soil DOC also affected CO- emissions
indirectly through enzyme activities. The soil NO3-N mainly exerted an
indirect positive effect on N2O emission through enzyme activities. The
BG and po positively regulated N,O emission but negatively controlled
CO; emission. The N-acquiring enzymes exerted positive control on COy
and N,O emissions. The three subgrouping PLS-SEMs showed that the
positive impacts of N-acquiring enzyme on CO; emissions continued to
weaken as the aggregate sizes decreased, and the promoting effects of
DOC on CO; emissions intensified as the aggregate size decreased
(Table S2).
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4. Discussion
4.1. Effects of soil aggregate size and straw addition on CO_ emissions

Consistent with previous findings (Bandyopadhyay and Lal, 2014),
our results showed that CO, emission was strongly affected by soil
aggregate sizes, and higher emissions were observed in larger aggregates
in the absence of straw. This effect is probably driven by microbial
activation (Zhu et al., 2014). The greater amounts of available C sources
in larger aggregates (Fig. 3a) could provide more nutrients for overall
microbial growth, inducing extracellular enzyme production and sub-
sequently enhancing soil organic matter (SOM) mineralization (Zhu
etal., 2014; Liao et al., 2018). Soil respiration is often linked to chemical
compositions of the available C (Song et al., 2018). The organic matter
in macroaggregates is less protected and more labile (Marx et al., 2005;
von Liitzow et al., 2006), which resulting in its easily accessed and
respired by decomposer microbes. Straw addition strongly increased
CO4 emissions, and this increase was more pronounced in < 0.25 mm
fraction than in 1-2 and 0.25-1 mm fractions. Consequently, the highest
CO9 emission occurred in < 0.25 mm fraction, but this finding was
contrary to our hypothesis. Studies have observed that aggregate surface
area increases as aggregate sizes decrease (Curtin et al., 2014). A large
surface area may allow the intimate contact of straw-derived substrates
and microbes (Shahbaz et al., 2017), and this observation, together with
high DOC contents (Fig. 3b; Fig. 4a), could explain the higher CO,
emission in < 0.25 mm fraction in straw-amended treatments. The
highest C occurred in small aggregate (Fig. 3b; Fig. 4a) is corroborated
by Zhao et al. (2018), who proposed that straw-derived C easily accu-
mulates in small aggregate fractions. In labile C-rich surroundings, soil
microbes can catabolize superfluous C via rapid microbial overflow
respiration to maintain microbial stoichiometric balance (Zhu et al.,
2018). Straw-derived organic particles can bond with mineral matter,
and < 0.25 mm aggregate may aggregate and form a larger size after
straw addition (Huang et al., 2018); thus, the diffusion limitation of the
generated COz in < 0.25 mm aggregate was possibly relieved.
Conversely, larger aggregates can protect exogenous organic matter
from mineralization because of their intense occlusion effect (Bimiiller
et al., 2016).

4.2. Effects of soil aggregate size and straw addition on N2O emissions

Straw addition increased NO emissions in each size of aggregates,
and N5O emissions in 1-2 mm fraction ranked the first in both straw-
unamended and straw-amended treatments (Fig. 2b). The increase in
C and N substrates with exogenous straw addition may be attributed to
the increased N2O emissions by supplying energy to NyO-producing
microorganisms (Mehnaz et al., 2019). In the present study, the high
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Fig. 6. The partial least squares structural equation model (PLS-SEM) for the effects of soil DOC, NO3-N, BG, po and N-acquiring enzyme on CO, and N»O emissions.
N-acquiring enzyme is a latent variable, which is indicated by LAP and NAG. Negative and positive effects are indicated by red and blue line, respectively, while non-
significant effect is indicated by dashed line. The line width is proportional to the effect strength. Abbreviations: CO,, carbon dioxide; N»O, nitrous oxide; DOC,
dissolved organic carbon; NO3-N, nitrate nitrogen; BG, p-glucosidase; LAP, leucine aminopeptidase; NAG, N-acetyl-p-D-glucosaminidase; po, phenoloxidase.
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enzyme activities in 1-2 mm fraction (Fig. 4) could stimulate soil
organic N mineralization, thereby leading to an increase in inorganic-N
pool available for nitrifying and denitrifying microorganisms (White
and Reddy, 2000), which were possibly responsible for the high N,O
emissions from macroaggregates. The highest NO3-N and the lowest
NHZ-N indicated that nitrification might be a dominant contributor to
N0 production in 1-2 mm fraction. This finding was supported by Chen
et al. (2016), who found that ammonia oxidation “hot spots” with highly
localized N,O production exist in macroaggregates because the micro-
environment provides more favorable conditions, e.g., suitable oxygen
(Og), for ammonia oxidizers. Under the physical mechanism, soil
porosity is a major determinant of soil aeration and transport properties,
e.g., solutes, water, and gaseous substance diffusion (Mangalassery
et al., 2013). Jayarathne et al. (2021) suggested that macroaggregates
hold more intra- and inter-aggregate pores, for which the transport of
N20 produced in the soil to atmosphere would be more easily (Ebrahimi
and Or, 2018; Mangalassery et al., 2013). Diffusion limitation in
microaggregates increases the residence time of the produced N,O in
soil, it is highly likely that the generated N9O is partially entrapped or
further reduced to Ny in < 0.25 mm fraction (Jayarathne et al., 2021;
Uchida et al., 2008). In addition, the rapidly mineralized (straw plus
soil) in < 0.25 mm fraction treated with straw (Fig. 1b; Fig. 2a) might
have consumed large amounts of O,, and local anoxia in microsites
possibly favor the complete denitrification to N3 because O3 availability
strongly suppresses NoO reductase (Wrage et al., 2001).

4.3. Responses of aggregate-associated enzyme activities to straw addition

In keeping with previous works (Nie et al., 2014; Sinsabaugh et al.,
2002), our results revealed that crop straw and aggregate size could
strongly affect soil enzyme activities. Straw may trigger extracellular
enzyme production (BG, CB, LAP, NAG, and po) in each aggregate
fraction by providing a primary energy source to fuel microorganisms
(Allison and Vitousek, 2005). In the presence of straw, the activities of
all the tested enzymes differed among aggregate sizes. The least activ-
ities were observed in < 0.25 mm fraction during the entire incubation
(Fig. S1). Enzyme activities are generally regulated by labile SOM
(Allison and Vitousek, 2005). Our results also showed that enzyme ac-
tivities were positively correlated with DOC concentrations; however,
soil aggregate size inversely affected enzyme activities and DOC con-
centration. This phenomenon indicated that other factors, such as soil
pore spaces and stoichiometry of soil nutrient elements (Chen et al.,
2014), could also explain the lowest enzyme activities in < 0.25 mm
fraction. Soil enzymes are mainly produced by soil microorganisms. The
spatial distributions of microbial communities vary with aggregate size
because of a complex environment within aggregates; a previous study
indicated that microbial biomass and activity are lower in the interior of
microaggregates (Mummey and Stahl, 2004), possibly resulting in
reduced extracellular enzyme activities. The strong interaction effects of
straw addition and soil aggregate size on BG, CB, and NAG (Table 2)
suggested that soil extracellular enzymes within soil microhabitats were
sensitive to straw addition. In addition, oxidative enzyme activities (per)
were only largely determined by soil aggregate size.

4.4. Factors regulating CO2 and N30 emissions

CO; and N2O emissions were regulated by biological (CB, LAP, NAG,
and po) and abiotic (DOC and NO3-N) factors, and their interaction was
the major determinant (Fig. S2). SEM analysis further revealed that DOC
and NO3-N influenced CO, and N5O emissions partially through a build-
up of enzyme activities (Fig. 6a). Previous studies demonstrated that soil
enzyme activities are sensitive indicators of microbial functions
depending on nutrient availability; as soil nutrients change, microor-
ganisms secrete extracellular enzymes to acquire nutrients from SOM
(Mehnaz et al., 2019). Therefore, they can strongly affect soil C and N
mineralization (Caldwell, 2005). Regarding CO emissions, the soil DOC
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was the most important variable that had dominant effects on CO,
emissions (Fig. 6b). The three subgrouping SEMs showed that the direct
promoting effect of DOC on CO4 was the highest in < 0.25 mm fraction
(Table S2). Thus, the higher CO, emission from microaggregates in
straw-amended treatments could be mainly explained by their higher
DOC concentration. Enzyme activities played different roles in CO5 and
N2O emissions (Fig. 6a). C-acquiring and oxidative enzyme activities
contributed negatively to CO» emissions, and this effect was weak
(Fig. 6a). As for N2O emissions, N-acquiring, C-acquiring, and oxidative
enzyme activities elicited promoting effects, suggesting that macroag-
gregates emitted more N2O mainly by increasing soil enzyme activities.

4.5. Limitations and implications

This study emphasized the changes in soil CO3 and N3O emissions in
response to

soil aggregate size with straw addition. Although emissions in
different soil aggregate sizes were measured under artificial conditions,
e.g., the absence of plants and fertilization or the spatial heterogeneity of
the distribution of particle sizes, possibly causing different behaviors
from in situ, it was still an improvement for understanding the spatial
distribution of C mineralization and N,O emissions. We also revealed
that straw addition affected CO, and N5O emissions from different soil
aggregate sizes. As a result, the contribution of CO2 and N,O emissions
from 1 to 2 and 0.25-1 mm fractions towards emissions from bulk soil
decreased, but the contribution of < 0.25 mm fraction increased
(Table S1). This result strengthened our understanding on the mecha-
nisms of straw effects on GHG emissions. Considering straw returning
can promote SOC sequestration in the long run (Huang et al., 2018; Liu
et al., 2014), this practice possibly would offset the increase in GWP
from N3O emissions. Previous studies also confirmed that the added
straw with a large C/N ratio lessens the mineralization of the added
straw and SOC compared with a low C/N straw (Shahbaz et al., 2017). It
can also induce microbial N assimilation and consequently limit avail-
able N substrates for NoO-producing microorganisms (Zhou et al., 2020).
In addition, aggregate dynamics are dependent on the bioavailability of
straws, which have differential decomposing rates (Zhao et al., 2018). In
this regard, further studies should examine aggregate-scale GHG dy-
namics after adding straw with different C/N ratio to a variety of soils. If
possible, an isotopic labeling technique should be used to partition
straw- and soil-derived CO5 or N5O.

5. Conclusion

This study clearly showed that CO3 and N2O emissions from different
soil aggregate sizes were affected by straw addition. Crop straw addition
accelerated CO2 and N2O fluxes from differently sized soil aggregates by
modifying soil available C and N contents and enzyme activities. The
magnitude of straw addition that increased CO2 emission was higher in
< 0.25 mm fraction than in 1-2 and 0.25-1 mm fractions. By contrast,
the N0 emission in 1-2 mm fraction in the straw-amended treatments
was the highest. Most enzyme activities were enhanced by straw addi-
tion, and < 0.25 mm fraction exerted the lowest enzyme activities in the
straw-amended treatments. Straw addition reduced the contribution of
CO5 and N5O emissions from 1 to 2 and 0.25-1 mm fractions toward
emissions from bulk soil but increased the contribution of < 0.25 mm
fraction. These results indicated that frequent artificial disturbance in
agricultural management remarkably changed the soil aggregation size
distributions and might theoretically influence soil C mineralization and
N>O emissions.
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