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Returning straw into soil could increase soil organic carbon (SOC) and promote crop
growth. However, little has been reported on the source of C for increased SOC (straw
C or crop photosynthetic C). To investigate the assimilation of photosynthetic C and its
distribution in soil in the maize growth season, we set up a 1-year '3C pulse-labeling
experiment in a consecutive maize-straw-returning long-term trial. Four treatments were
included: no straw return (control), straw mulching on the soil surface (cover), return
in 0-20cm layer (shallow), and 20-40cm layer (deep). We found that the deep straw
incorporation significantly (P < 0.05) increased maize 100-grain weight (by 7.8%), yield in
the coming year (by 10.5%), and SOC (by 13.4%) compared with the control. During the
growing season, the deep straw incorporation increased photosynthetic '3C assimilation
in shoots by 17.4% and the partitioning of photosynthetic '3C to soil by 7.9% at early
jointing, and by 11.5% at maturity. The contribution of photosynthetic C to microbial
biomass C (MBC) and dissolved organic C (DOC) was highest at jointing, and at harvest
amounted to 39.1 % of MBC and 28.8% of DOC. The results highlighted the importance
of regulating the soil carbon dynamics via the deep straw return strategy. In conclusion,
deep straw incorporation significantly increased photosynthetic efficiency and facilitated
partitioning of photosynthetic C to roots and soil, thus promoting maize growth and yield.

Keywords: straw return, '3C pulse-labeling, net photosynthetic rate, photosynthetic C partitioning, soil depth

INTRODUCTION

China produces more than 800 million tons of crop straw annually, accounting for about 30% of the
world’s total straw production (Bi et al., 2009), and the amount is still growing at a net rate of 12.5
million tons per year (Xia et al., 2014). The straw contains considerable amounts of nitrogen (N),
phosphorus (P), potassium (K), and other nutrient resources, which are equal to 40% of the national
fertilizer consumption (Xu et al., 2016; Jia et al., 2018). In addition, crop straw is an important
component of the C cycle. Alterations in soil C pools influence plant growth and development, soil
fertility, and nutrient cycling. However, the partitioning of photosynthetic C to roots, as well as to
soil, remains poorly understood due to the complexity of the soil organic C pools.
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Straw return has been an important tillage practice in China.
Straw return increases the content of soil organic C (SOC),
thereby improving soil quality (Cong et al., 2019). It is estimated
that around 0.6-1.2 billion tons of C is sequestered into soil each
year through straw return (Lal, 2009). Therefore, it is of great
significance to explore the optimal use of straw for improving
soil structure and quality as well as crop yield. Traditionally,
straw is used mostly as soil surface mulching (cover) to increase
soil moisture and crop yield (Yan et al., 2007; Qin et al., 2015;
Li et al,, 2020). Many early studies showed that straw surface-
mulching increased soil organic carbon (SOC), crop yield and
water-use efficiency (Tao et al, 2015; Yang et al., 2018; Xiao
etal,, 2019), but straw surface-mulching may have some negative
effects on the crops in the subsequent seasons, e.g., increased
incidence of pests and diseases (Dinardo-Miranda and Fracasso,
2013) and increased greenhouse gas emissions (Knoblauch et al.,
2011). Thus, it is important to study better ways of returning
straw to fields. Compared with surface straw-mulching, return of
crushed straw in deep soil layers is more effective in improving
soil physical and chemical properties (Zou et al., 2014; Li et al.,
2021b). However, little has been reported on the effects of various
depths of straw return on crop growth and yield due to, at least
partly, a lack of appropriate measurement methods.

Soil organic C is an important C pool in the global C balance.
Photosynthetic C assimilated by plants enters the soil in the
form of plant residues and root secretions. Photosynthetic C
would contribute to various organic C pools, including dissolved
organic C (DOC) and microbial biomass C (MBC). Thus,
photosynthetic C, as the hub of the C cycle in the atmosphere-
plant-soil-microbe system, is closely related to the circulation
of C between the soil organic C pool and the atmospheric
environment (Yevdokimov et al., 2006). Microbial biomass C
accounts for only 1-3% of soil organic C, and a much smaller
proportion of the total soil C (Nie et al., 2012). Decomposition of
SOC is closely linked to the dynamics of soil MBC as an indicator
of soil activity. However, there are only few studies on the
turnover and dynamics of soil as influenced by straw return (An
T. T. et al,, 2015), especially regarding different depths of straw
addition. The dynamics of soil organic C is influenced by the
interaction among plants, soil, and microorganisms, and is the
main research topic in soil C sequestration. Thus, studying the
effects of straw return to soil on the distribution of photosynthetic
C and soil C pools is of great significance to the global C cycle
and soil C sequestration. However, little has been reported on the
effects of straw return on C partitioning in the soil-maize system.
The C source (straw C or crop photosynthetic C) that contributes
to increased SOC remains unclear.

Thus, the objectives of this study were: (1) to characterize the
effects of straw return to various soil depths on maize growth
and grain yield; (2) to determine changes in the photosynthetic
C partitioning in maize shoots, roots, grains, SOC, DOC, and
MBC; and (3) to elucidate temporal dynamics of 1*C partitioning
in the maize-soil system. In this study, we used in-situ 1*C pulse-
labeling to trace the fate of photosynthesized C in the plant-
soil-microbe system and quantify the contribution of the newly
fixed C to soil organic C pools. We hypothesized that deep
straw return: (1) would result in increased C sequestration in

soil via improved root and shoot growth; and (2) would increase
soil organic C and microbial activity, thereby enhancing maize
growth and grain yield.

MATERIALS AND METHODS
Study Site

This study was conducted at the research station of Shenyang
Agricultural University (41031/ N-123°24' E), Liaoning province,
China, from May 12 to September 229, 2018. This field was
uncultivated land until growing maize in 2011, and began straw
returning from 2012. The soil type at the site is typical brown
loamy soil. The site has a temperate semi-humid continental
climate. The annual temperature ranged between 6.2 and 9.7°C,
and the annual rainfall was between 584 and 692 mm. Frost-
free period was around 135 days per year, and the effective
accumulated temperature was 32.00°C. Maize with one harvest
per year is the main cropping system in the local area, and straw
mulching without irrigation is the predominant agricultural
practice. Air temperature and humidity in 2018 were shown
in Supplementary Figure 1. The basic physical and chemical
properties of the tested soil are shown in Table 1; they were
determined by the methods specified by Bao (2001).

Experimental Design

Since 2012, air-dried and chopped maize straw (average length
3 cm; C:N = 75:1) from the preceding maize plants on the same
research station was returned to field at 28,000 kg/ha in the
autumn (year before the experiment took place) at the soil surface
(cover), 0-20 cm (shallow), or 20-40 cm (deep), with the control
treatment having no straw returned. The experiment was carried
out in the field micro-plots (2.4 x 1.1 m), with eight treatments
(labeled and non-labeled sets of four treatments specified above)
in three replicates, giving 24 plots in total, in a randomized
complete block design. The labeled and non-labeled treatments
were set apart by more than 10 m to avoid the interference. The
straw was manually mixed with soil at 0-20 cm for the shallow
treatment. In the deep-return treatment, 0-20 cm surface soil was
removed, the straw was manually mixed with 20-40 cm soil, and
then 0-20 cm surface soil was returned. During maize growth,
no obvious pest and disease were noted, and the weeds were
removed manually. No irrigation water was supplied based on
the local practice.

The amount of N, P, and K fertilizers applied was based on
the standard farming practice for growing maize in the area (N:
240 kg/ha, P: 33 kg/ha, and K: 72 kg/ha; as urea, superphosphate
and potassium sulfate, respectively). The K and P fertilizers were
applied as basal fertilizer at sowing, and N fertilizer was applied
in three splits (as basal fertilizer and at jointing and tasseling) in
the 3:4:3 proportion.

Maize (hybrid Jingke 968) was sown by hand planters and was
thinned at the seedling stage to stand density of 57,000 plants/ha.
Plant distance within rows was 30 cm, and the distance between
rows was 50 cm. Border plots were included on the sides of the
experimental field. Weed growth was controlled manually during
the experiment.
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TABLE 1 | Physical and chemical properties of soil (0-40 cm depth).

Bulk density pH (water:soil, 2.5:1) Total carbon Total nitrogen Hydrolysable nitrogen Available phosphorus  Available potassium §'3C value
(g/cm®) (9/kg) (9/kg) (mg/kg) (mg/kg) (mg/kg) (%o)
1.32 6.61 10 1.4 57 22 167 —18.7

Photosynthetic C ('3C) Labeling Method

In 2018, in the maize early jointing stage (on 11 July), the 13C
pulse labeling was done simultaneously on all four treatments
within one replicate block. The pulse labeling method (shown
in Supplementary Figure 2) followed the published description
(An T. et al, 2015; Zhang et al, 2020) with modifications.
A sealed and transparent labeling chamber measured 2.2m
length, 0.5m width, and 3m height. This portable labeling
chamber covered nine plants in each treatment and consisted of
a transparent vinyl sheet on a steel frame. In order to provide
a seal around the edges of the chamber, excess vinyl covered
the contours of soil surface (Kong and Six, 2010) and was
sealed with wet soil (McMahon et al., 2005). Before the start
of labeling, the black plastic film mulch was used to cover the
soil surface of the micro-plot to prevent the labeled CO, from
diffusing into the soil. The plastic black film was laid only
during labeling and was removed immediately afterwards. To
avoid any impact of plastic film cover, the non-labeled areas
were also covered with black plastic film for the duration of the
labeling period.

Labeling took place from 8:00 to 13:00 on a sunny day.
An infrared gas analyzer was connected to the top of the
labeling chamber to monitor the total CO, concentration (Wu
et al., 2009). NaOH was used to absorb CO, in the chamber.
After the CO, concentration fell below 80 pl/L, the sodium
hydroxide trap was removed and H;SO4 (50ml, 1 mol/L)
was added to the first beaker containing labeled Na}’COs;
(99 atom% 13C, Sigma-Aldrich) to obtain 13CO, concentration
of approximately 400 pl/L. When the CO, concentration in
chamber fell below 80 wl/L again, HSO4 (50 ml, 1 mol/L) was
added to the second beaker containing labeled Na}*CO3. This
process was repeated five times, and each labeling chamber
required 9.12g Na}’COs. Finally, we added sulfuric acid to
the No. 6 beaker filled with non-labeled sodium carbonate
(1.81 g Nal’COs3) to enhance the 1°C assimilation efficiency and
minimize the loss of *CO, (Butler et al., 2004). The entire
labeling process ended, and the labeling chamber was removed,
after the CO; concentration dropped below 80 Wl/L after the
final adjustment.

Sample Collection and Processing

Destructive sampling of maize plants in each treatment was
conducted three times. Maize plants and soil samples were
taken on 13" July (the early jointing stage; two days after
labeling), 26" July (the late jointing stage; 15 days after
labeling) and 27" September (the grain maturity stage; 80
days after labeling). In each straw treatment, three labeled
and three non-labeled plants were randomly selected from
the respective plots. Shoots were cut at the base, and then

roots and soil cores were dug out as a monolith (50cm
long x 50cm wide and 40cm deep). The aboveground
material included shoots (stems and leaves) and grains (at
maturity). All the visible small roots in the soil sample
were picked out. Shoots (stems and leaves) and roots were
washed in deionized water, oven-dried at 70°C for 3 days
and weighed. Dried root and shoot samples were ground in
a mill (RetschMM200, Dusseldorf, Germany) for determining
organic C.

The 0-40 cm soil was collected in each plot. The residual straw
was carefully picked out (about 90% of straw was decomposed
at grain harvest). The soil samples were stored in plastic bags
at 4 °C and processed within 5 days. A portion of each soil
sample was used for determining DOC and MBC. The remaining
portion of each soil sample was air-dried, ground and passed
through 0.25 mm sieve for the determination of total soil organic
C. An elemental analyzer—stable isotope ratio mass spectrometer
(Elementar vario PYRO-isoPrime100, Manchester, UK) was used
to determine total organic C content and 8'>C value in soil and
plant samples.

Determination of Soil DOC and MBC
Contents and §13C Values

Microbial biomass C was determined by the chloroform-
fumigation extraction method (Vance et al.,, 1987). Fresh soil
equivalent to 10 g oven-dried soil was fumigated for 24h and
then extracted with 0.5 mol/L K,;SO4. The same amount of
soil was also extracted without fumigation. The non-fumigated
extract was used to determine DOC. The DOC was determined
by extracting the soils with deionized water (1:2.5 w/v ratio
for 1h) (Haynes, 2005). The soil extracts were measured to
determine the DOC content using a Total Organic Carbon
Analyzer (Multi N/C UV HS, Analytik Jena AG, Jena, Eisfeld,
Germany). The MBC was calculated as the difference in DOC
content between fumigated and non-fumigated soil extracts, with
the conversion coeflicient kgc of 0.45 (Wu et al., 1990). All
K,SO4 extracts were freeze-dried (EYELA Freeze Dryer FD-
1, Tokyo, Japan) to analyze *C abundance (253Plus, Thermo
Fisher, California, USA).

Calculations
(1) $'3C value and 8'3C abundance (F¢):

813C(%o) = (Rc — Rpps)/Rppp x 1000

Fc (%) = ((8'3C +1000) x Rppp)/((3'3*C+1000) x Rppp+1000)
x 100

where Rc is the 3C/!2C atomic ratio of the sample, and Rppp is
0.0112372 (Lu et al., 2002a).
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(2) The amount of 13C (mg) fixed in photosynthesis partitioned
to maize shoots, roots, grains and soil (without considering a
loss due to respiration)

BCi = G x (Fic — Fpe)/100 x 1000

where C; is the C content (mg) of shoots, grains, roots or soil
in the labeling treatment; Fic is the abundance (%) of '3C in
shoots, grains, roots or soil in the labeling treatment; and F,;¢c
is the abundance (%) of *C in shoots, grains, roots or soil in the
non-labeled treatment (Leake et al., 2006).

(3) Partitioning of 1>C (%)

Partitioning of BC; = BCi/PClixed x 100

where 13Cgyeq is the sum (mg) of 13C partitioned to shoots,
grains, roots and soil in the labeling treatment, and 3C; is the
13C content of individual plant parts or soil (Yu, 2017).

(4) Soil microbial biomass C (Cppc, mg/kg), DOC (Cpoc,

mg/kg), and the content of 3C (1*C-Cypc, png/kg *C-
Cpoc, hg/kg)

MBC = (Ctumc — Cafumc)/kec
Cpoc = Cafumc
BC—Cmsc = ((Fumci — Frumcanl) X Clumc
— (Fafumc] — Fafumcnl) X Cafumc)/(kec x 100)
PC—Cpoc = ((Fafumcl — Fafumcnt) X Cofumc)/100

where Cpmc and Cppymc are the DOC content (mg/kg) in
the K,SOy4 extracts from fumigated and non-fumigated soils,
respectively, in the same treatment; Fpuc) and Fupumc, are
the 13C abundances (%) in DOC in the K,;SO4 extracts from
fumigated and non-fumigated soils, respectively, from the labeled
treatment; Fryyc,n and Fppymc,n are the 13C abundances (%) in
DOC in the K;SOy4 extracts from fumigated and non-fumigated
soils, respectively, from the non-labeled treatment. kgc is the
conversion coefficient, and its value is 0.45 (Wu et al., 1990).

Data Analysis

Two-way ANOVA was done on shoot biomass, root biomass,
organic C in shoots, roots and soil, amount of assimilated C,
and C partitioning to maize roots and soil, using sampling dates
and treatments as independent variables. One-way ANOVA was
conducted on parameters relative to four different treatments on
each sampling date, or on 12 treatments (three sampling dates
x four treatments), depending on significance of the interaction
between treatments and sampling dates. Means were compared
with the Tukey’s honestly significant differences test at the 5%
level of probability. All statistical analyses were done using
the SPSS statistical software version 20.0 (IBM Corp., Armonk,
NY, USA).

RESULTS

The Effects of Straw Treatments on Plant
Growth and Yield

The treatments and sampling dates significantly influenced
root biomass and shoot biomass, but the interaction was non-
significant (Table 2), indicating that the effects of straw return
on maize plants growth increased uniformly over time. Root
biomass and shoot biomass tended to have relatively high values
in the shallow and deep treatments compared with those in the
control and the cover treatment (Figures 1A,B). At harvest, deep
straw incorporation significantly increased shoot biomass (by
16.8%, averaged across the three sampling dates) compared to
the control, but the other two straw treatments did not show
significantly higher shoot biomass compared to the control.

At harvest, although there was no significant difference
in grain yield across the treatments in 2018 (Figure 1C),
the deep straw return and the cover treatments showed a
significantly higher yields (by 10.5 and 8.0%, respectively)
compared with the control in 2019 (Supplementary Table 1).
Deep straw incorporation showed significantly higher 100-grain
weight compared with the control in 2018 (Figure 1D); however,
in 2019, the deep straw return treatment had similar 100-
grain weight, but a longer ears compared with the control
(Supplementary Table 1).

The Effects of Straw Treatments on
Dynamics of Organic C in Maize Plants and
Soil

Organic C in roots did not significantly differ among the three
sampling dates (Table 2). Across sampling dates, average organic
C concentration in roots in the shallow and deep treatments (406
and 413 g/kg, respectively) was significantly higher than that in
the control and the cover treatment (391-392 g/kg) (Figure 2A).

Treatments and sampling dates, but not the interaction
between them, significantly influenced organic C in shoots
(Table 2). Across sampling dates, deep straw incorporation
significantly increased organic C in shoots; averaged across
treatments, organic C in shoots significantly decreased from
jointing stage to grain maturity. Both shallow and deep straw
incorporation slightly but significantly increased organic C in
grain (by 2.1 and 1.2%, respectively) compared with the control
at the late jointing stage (Figure 2B).

The interaction between sampling dates and treatments
significantly influenced organic C in soil (Table 2). Both shallow
and deep straw incorporation had the highest soil organic C
(12.7 and 13.7 g/kg, respectively) on 13 July, and the control
without straw had the lowest soil organic C on all three sampling
dates (Figure 2C). The straw cover treatment did not show
significantly higher soil organic C compared with the control on
all three sampling dates (Figure 2C).

The Assimilation and Partitioning of
Photosynthetic C

The effects of treatments and sampling dates, and their
interaction significantly influenced the amount of assimilated
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TABLE 2 | Results of analysis of variance (P-values) for various parameters in the maize-soil system as influenced by different treatments at three sampling dates.

Parts Dependent variables Treatment (T) Sampling date (D) T*D
Roots Biomass (g/plant) 0.089 <0.001 0.49
Organic C (g/kg) <0.001 0.78 0.24
Carbon partitioning (%) <0.001 <0.001 <0.001
Shoots Biomass (g/plant) 0.06 <0.001 0.59
Organic C (g/kg) 0.004 <0.001 0.23
Carbon assimilation amount (mg/m?) <0.001 <0.001 <0.001
Soil Organic C (g/kg) <0.001 <0.001 <0.001
Carbon partitioning (%) 0.89 <0.001 0.02
Dissolved organic C (DOC) (mg/kg) <0.001 <0.001 0.37
Microbial biomass C (MBC) (ing/kg) <0.001 <0.001 0.10
18C-DOC (ug/kg) <0.001 <0.001 <0.001
18C-MBC (jg/kg) <0.001 <0.001 0.12

The bold values mean significant difference.
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FIGURE 1 | Biomass of maize roots (A) and shoots (B) on the three sampling dates (13 Jul: early jointing, 62 days after sowing (DAS); 25 Jul: late jointing, 74 DAS; 27
Sep: grain maturity, 138 DAS) and grain yield (C) and 100-grain weight (D) at maturity. Means + SE (n = 3). Different letters denote significant differences among
treatments on a specific sampling date (A,B) or among the treatments (C,D) (P < 0.05). Control, no straw added; Cover, straw added to the soil surface; Shallow,
straw incorporated at the 0-20 cm soil depth; Deep, straw incorporated at the 20-40 cm soil depth.

C in shoots (Table2). On 13 July, deep and shallow compared with the control on all three sampling dates
straw incorporation significantly increased C in shoots  (Figure3A), but the straw cover treatment significantly
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FIGURE 2 | Organic carbon (C) content of maize roots (A), shoots (B), grain [the insert in (B)] and 0-40 cm soil layer (C) on the three sampling dates [13 Jul: early
jointing, 62 days after sowing (DAS); 25 Jul: late jointing, 74 DAS; 27 Sep: grain maturity, 138 DAS]. Means + SE (n = 3). Organic C in roots (A) was averaged across
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0.05). Control, no straw added; Cover, straw added to the soil surface; Shallow, straw incorporated at the 0-20 cm soil depth; Deep, straw incorporated at the

increased C only in shoots compared with the control
(Figure 3A).

The interaction between treatments and sampling dates
significantly altered C partitioning to roots and soil (Table 2).
In roots, C partitioning rate in the treatments with shallow
and deep straw incorporation was the highest (18.2 and
18.6%, respectively) on 25 July (late jointing), but the two
treatments had the lowest C partitioning (11.4 and 11.6%,
respectively) on 13 July (early jointing) (Figure 3B). On 27
September, the deep and the shallow straw return treatments
showed a higher C partitioning rate to root compared with the
control (Figure 3B).

The C partitioning to soil tended to be lower on 13 July
(early jointing) than 27 September (grain harvest) (Figure 3C),
but the differences among the treatments were not significant

on the three sampling dates (Figure 3C). Treatments had no
significant influence on C partitioning to grain (4.2% on average;
Figure 3D).

Dynamics of DOC and MBC in Soils

The treatments and sampling dates significantly influenced DOC
and MBC in soils, but the interaction was non-significant
(Table 2). The control had lower DOC (Figure4A) and
MBC (Figure 4B) than the three straw treatments regardless
of the sampling date. The shallow straw return treatment
increased DOC on the first two sampling dates (Figure 4A)
and increased MBC on 13 July (Figure 4B) compared with
the cover and deep straw return treatments. The '3C-DOC
content as well as the ratio *C-DOC/DOC were significantly
influenced by the interaction (Table2). On 25 July (late
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FIGURE 3 | The amount of photosynthetic carbon ('*C) accumulated in maize shoots (A) and partitioning of photosynthetic carbon ('3C) to maize roots (B), 0-40 cm
sail (C), and grain (D) on the three sampling dates [13 Jul: early jointing, 62 days after sowing (DAS); 25 Jul: late jointing, 74 DAS; 27 Sep: grain maturity, 138 DAS].
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added; Cover, straw added to the soil surface; Shallow, straw incorporated at the 0-20 cm soil depth; Deep, straw incorporated at the 20-40 cm soil depth.

jointing), the !'3C-DOC content in the straw treatments
of cover, shallow and deep was 6.9, 7.3, and 7.7 pg/kg,
respectively, all of which were significantly higher than the
control. However, from late jointing to grain harvest, the
BBC-DOC content in soil decreased significantly to around
0.45 pg/kg, with no difference among the four treatments
(Figure 4C).

Both main effects significantly influenced the MBC as
well as '3C-MBC contents, but the interaction was non-
significant (Table 2). At all three sampling dates, the control had
significantly lower MBC than the other treatments. Regarding
the temporal dynamics, *C-MBC was relatively high in early
jointing (about 36.8 pg/kg on average) and at grain harvest
(about 29.1 pg/kg on average), but dropped at late jointing (25

July) (about 26.3 pg/kg on average) (Figure 4D). The 13C-MBC
content (Figure 4D) followed exactly the same trends as MBC
(Figure 4B).

DISCUSSION

Effects of Straw Incorporation on Maize
Growth

We showed that straw incorporation in deep soil tended to
increase root and shoot biomass compared with the control
(Figures 1A,B), which could be associated with a higher 100-
grain weight (Figure 1D). This may be the nutrients released
from straw filled SOC and accelerated microbial activities in the
deep layer (Zou et al., 2016; Ma etal., 2019; Chen S. Y. et al., 2020).
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Our results are in agreement with other studies, whereby maize
plants in the treatments with straw tended to have a bigger root
or shoot biomass or even higher grain yield compared with plants
grown without straw added (Chen Y. Y. et al., 2020; Han Y. L.
et al., 2020; Xian et al., 2020).

Higher photosynthetic C allocation to the root at late jointing
in the treatment with incorporated straw than the straw cover
treatment (Figure 3B) indicated that straw incorporation into
soils was beneficial to the growth of maize roots (Figure 1A).
The bigger biomass of roots after deep straw incorporation would
enhance uptake of water and nutrients from the deep soil (Huang
etal., 2013).

Straw mulching on soil surface or shallow incorporation
requires the optimal amount of straw because excessive straw

or uneven distribution may directly reduce the germination of
seeds, and cause adverse phenomena such as chlorotic seedlings
and reduced growth (Zou et al., 2016). Decomposition of maize
straw in northern China generally takes about 2 years (Han Y.
etal., 2020). The straw trapped at shallow soil depth or on the soil
surface can disturb sowing in spring, and the release of organic
acids during straw decomposition may not be conducive to root
growth (Ma et al., 2016). Thus, to avoid these problems, we tested
straw incorporation into deeper soil. Deep straw incorporation
could improve not only the capacity of soil to store water and
conserve fertilizers (Zou et al., 2014), but also increase soil carbon
content, improve soil fertility (Wang et al., 2015), promote soil
microbial growth, and improve soil biological functions (Zhao
et al., 2015).

Frontiers in Agronomy | www.frontiersin.org

March 2022 | Volume 4 | Article 805320


https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles

Wang et al.

Straw Incorporation in Deep Soil Layer

Effects of the Depth of Straw Incorporation
Into Soils on Soil Organic C and
Assimilation and Partitioning of
Photosynthetic C in the Maize-Soil System

Straw incorporation at 20-40cm soil depth increased !*C
assimilation in shoots compared with the control across the
whole maize growth period (Figure 3). This might have been
because straw incorporation at 20-40 cm soil depth increased
root and shoot biomass (Figure 1), and also increased microbial
biomass (MBC; Figure 4B), thus enhancing crop and microbial
respiration (Baptist et al, 2015). Rhizosphere deposition at
the early stage of crop growth can be influenced by tillage
methods (Munoz-Romero et al., 2013), soil fertility (Sun et al.,
2019) and other factors, e.g., plant species (Baptist et al.,
2015) and nutrient availability (Merckx et al, 1987). In our
study, the photosynthetic '*C products were distributed mainly
in the maize parts (Figure3), whereas a relatively small
proportion entering soil during maize growth (Figure 3C). These
findings were in agreement with the early studies showing
photosynthetic C had a fast conversion rate in plants: the
photosynthetic C content in shoots reached a peak 6 hours
after labeling, and photosynthetic C partitioned to roots was
detected 4 hours after labeling (Ostle et al., 2000; Johnson et al.,
2002).

In the present study, straw incorporation at 20-40 cm soil
depth was associated with the relatively high soil organic
C content compared with the other treatments (Figure 2C).
This finding could be a consequence of enhanced above-
and below-ground plant productivity in the treatment with
deep straw incorporation (Figure1). Plants in the deep
straw treatment invested relatively more assimilates into root
growth than plants in the control (Figure 3A), resulting in
the higher root biomass (Figure 1A) and root length in the
deep treatment at harvest (data not shown). This can be
explained by straw incorporation into deep soil promoting
the formation of dominant aggregates and increasing organic
C accumulation in them (Zhu et al,, 2015). Although there
was no significant difference between the deep and shallow
straw return treatments in terms of soil organic C, shoot and
root biomass, and C partitioning to roots (Figures1-3), Li
et al. (2021b) found that deep straw incorporation (40cm)
altered soil bacteria abundance and improved soil fertility
compared with other ways of returning maize straw. Li et al.
(2021a) reported that the more straw was incorporated at
40 cm soil depth, the greater the total organic C was. In the
study presented here, straw incorporation at 20-40cm soil
depth increased maize yield (Supplementary Table 1), and could
represent a more effective use of maize straw to underpin
sustainable agriculture.

Effects of the Depth of Straw Incorporation
Into Soils on Dynamics of Photosynthetic C

Allocation in the Maize-Soil System

In this study, we found that the proportions of photosynthetic
C allocated were: 69-80% to shoots, 12-17% to roots, and
about 7.9-12% to soil (Figure 3). The observed values were

similar to results reported by Tian et al. (2013) for a rice
system. '3C partitioning to soil was significantly influenced by
the depth of straw incorporation. The larger relative exudation
of organic compounds from roots is often associated with
enhanced microbial growth and enzymatic activities connected
with nutrient mining from soil organic matter, which then
facilitates plant nutrient uptake (Kastovska et al., 2018).

The amount of soil photosynthetic C partitioning in each
treatment was greater at early jointing than grain maturity, which
might have been due to the maize roots growing vigorously at
jointing, leading to a large amount of root exudates entering the
soil. However, approaching grain maturity, maize root system
gradually lost its activity, resulting in less root exudation (Barber,
1995).

The distribution of *C to roots was proportional to the
development of root system over time. Root growth may also
lead to a temporal increase in soil *C allocation (Figure 3C)
due to an increase in root exudation. The observed differences in
temporal rhizodeposition dynamics indicated treatment-related
differences in the quantity of the released organic compounds.
The partitioning rate of photosynthetic *C to soil was not
significantly different among treatments (Table 2; Figure 3C),
indicating that straw addition regardless of soil depth did
not change partitioning of photosynthetic C to soil in a
short term.

Effects of the Depth of Straw Incorporation
Into Soils and Maize Growth Stage on Soil

DOC and MBC

In our study, rate of photosynthetic C partitioning to DOC and
MBC was influenced by growth stages of maize (Figure 4). The
contents of DOC and *C-DOC increased from early to late
jointing and decreased at grain maturity (Figures 4A,C). It was
probably due to relatively strong root exudation at jointing, with
a decline toward maturity. Similarly, soil MBC in each treatment
decreased from early to late jointing and increased at the maturity
stage, which might have been associated with decomposition of
dead roots (Figures 4B,D). This is consistent with the previous
study showing that the proportions of *C in DOC and MBC
varied with rice progressing from jointing to grain filling (Lu
et al., 2002b).

Microbial biomass C was the main component of active soil
organic C because microorganisms could preferentially utilize
dissolved C in the rhizosphere (Grantina-Ievina et al., 2014). In
our study, three treatments with straw addition (especially deep
and shallow incorporation treatments) increased the partitioning
of photosynthetic C in MBC (Figure 4D). This might have
been due to straw addition promoting the growth of maize
roots, improving exudation into the rhizosphere, and thus
enhancing microorganism growth. Straw addition could also
increase soil microbial activity via microbial decomposition of
straw. Compared with the cover treatment, the higher content of
soil organic C was found in the deep and shallow incorporation
treatments (Figure 2). In addition, straw incorporated in the
deeper layer lowered soil bulk density and improved soil aeration
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(Zou et al., 2014), both of which would accelerate decomposition
of straw.

Different natural conditions in various soil layers would be
associated with varied composition and abundance of microbial
populations, leading to differential straw degradation rates (Frey
et al., 1999; Coppens et al., 2006). Soil moisture and nutrient
availability interact in influencing plant C acquisition and
partitioning in the plant-microbe-soil systems (Atere et al., 2017).
In our study, we indeed found significant differences in soil water
content (Supplementary Figure 3). In addition, temperature has
an important effect on soil organic C and MBC (Ghosh et al,,
2020; Yanni et al., 2020); however, in our study there was
no significant difference in soil temperature among the four
treatments (Supplementary Figure 4).

Straw incorporation at the 20-40cm soil depth had the
positive effects not only on maize plants at harvest such as
a significant grain vyield increase (Supplementary Table 1),
significantly longer ears and higher 100-grain weight
(Supplementary Table 1; Figure 1D), but also on soil such
as higher SOC compared with the surface and 0-20 cm depth
straw addition (Figures 2C, 5). However, based on the current
research, the mechanisms underlying an increase in soil organic
C can be predicted only to some extent, and the contribution
of different factors cannot be determined qualitatively and/or
quantitatively, like C emission and energy-consumption. There

is still a scope for research on the soil mechanisms at the
microscopic scale regarding the effect of straw incorporation at
various soil depths.

CONCLUSIONS

The results have supported our hypothesis that deep straw
incorporation can promote net photosynthetic C assimilation
and maize growth via increased soil organic C and an increase
in microbial activity (MBC), thus increasing grain yield. Hence,
deep straw incorporation could be recommended in the maize
production in Northeast China.
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