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Abstract

The labile organic carbon (C) pool plays a vital role in soil biogeochemical transformation and can be used as
a sensitive indicator of the response of soil quality to agricultural practice. However, little is known about how
residue type and soil fertilization affect the incorporation of residue C into labile organic C pools. A 360-day
laboratory incubation was conducted with the addition of '3C-labeled maize residues (root, stem and leaf) to
unfertilized and organic-fertilized soils. A greater contribution of residue C to extractable organic C (EOC, 7.2%)
was observed in the unfertilized soil than that in the organic-fertilized soil (6.0%). The contribution of residue C
to microbial biomass C (MBC) was 20%-50% in the organic-fertilized soil, but only 10%-30% in the unfertilized
soil. This suggests that, in organic-fertilized soil, there is accelerated transformation of residue C into microbial
biomass and a higher capacity for residue C stabilization through greater, or more efficient anabolism.
Moreover, the distribution of leaf C into MBC was higher than that from root and stem in the unfertilized soil,
whereas more root C entered to EOC and MBC than from stem and leaf in the organic-fertilized soil. This shows
that maize root can also be involved in microbial assimilation, but it depends on the initial soil nutrition. Overall,
these findings deepen our understanding of the mechanisms of microbe-mediated C transformation processes,
and provide relevant insights into the capture and incorporation of plant residue C into labile organic C pools
driven by residue type and soil fertilization.

Introduction

Soil organic carbon (SOC) sequestration is critical for agriculture and the environment, particularly in soil health
and food security (Lal, 2004). SOC stocks are governed by the balance between carbon (C) input and output,
and strongly affected by soil management practices (Paustian et al. 2000). Adoption of plant residue retention
methods are essential to maintain, or improve SOC content and the sustainability of agricultural systems (Lal
2004; Diacono et al. 2010). However, SOC dynamics induced by plant residue retention generally occurs slowly
since the total SOC pool is too large to be affected in the short-term (Salinas-Garcia et al. 1997; Ding et al.
2012). In this context, SOC fractions with relatively higher turnover rates and/or reactivity can be used to
quantify the effect of agricultural management on soil quality (Silveira et al. 2008). Specifically, soluble organic
C and microbial biomass C (MBC) fractions respond more quickly to soil management activities than other C
pools (Nieder et al. 2008; Lehmann and Kleber 2015).

Plant residues provide available substrate for soil microorganisms (Shahbaz et al. 2017a), and in turn play an
important role in microbe-mediated biogeochemical processes (Ge et al. 2015; Haubensak et al. 2002). Plant
residue can be preferentially utilized by microorganisms for biomass production during microbial growth
processes (Liang et al., 2017). Microorganisms solubilize plant-derived C through depolymerization by
extracellular enzymes, and any net increase in the soluble C fraction is driven by microbial death, exudation, or
a decrease in microbial assimilation (Burns et al. 2013). Generally, the dynamics of microbial utilization of
residue C and stabilization, for example, relative abundances of soluble organic C and MBC, are mainly
mediated by plant residue quality (Chen et al. 2009; Prescott 2010; Liang et al., 2017). In the traditional view,
root residue is relatively recalcitrant, and has a slower decomposition rate, thus more root C is incorporated into
the stable SOC fractions than that from stem and leaf residues (Lian et al. 2016; Johnson et al. 2014). However,
a prevailing counter hypothesis proposes that labile C compounds can contribute more to long-term soil C
stability than highly recalcitrant chemical compounds such as lignin (Amelung et al., 2008; Schmidt et al., 2011,
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Lehmann and Kleber 2015). This is because above-ground residues (e.g. stem and leaf residues) contain more
easily degradable C, which plays a significant role in labile organic C accumulation, and subsequently, may
contribute more to SOC sequestration due to high microbial utilization efficiency (Don and Kalbitz 2005;
Cotrufo et al. 2013, 2015). These new theories challenge our understanding of the mechanisms of how root vs.
aboveground residues is involved in SOC formation. Therefore, given the important role of labile C in the SOC
accumulation, it is necessary to strengthen our knowledge of the impacts of plant residue type on the microbial
assimilation of exogenous C and the dynamics of soil labile C, i.e., soluble organic C and MBC.

Soil fertilization and total SOC are important factors controlling microbial assimilation of plant residue (Wang
et al. 2014; Zhu et al. 2016; Marschner et al. 2001). The dynamics and distribution of residue C in soil depends
upon soil fertility under long-term soil fertilization regimes because more residue C tends to accumulate in MBC
in low fertility soil compared with high fertility soil (An et al. 2015a). However, the combined applications of
plant residues (leaf, stems and roots) in soils may differentially affect proportional labile organic C
accumulation, resulting in differences in residue C accumulation in the total SOC pool of the soils with different
levels of SOC (Lian et al. 2016). Because microbial competition for residue C depends upon initial soil
properties (An et al. 2015a), the application of organic fertilizers, which enhance soil fertility (Macci et al. 2013;
Jin et al. 2018), is expected to affect microbial utilization of plant residues. In general, the addition of residue C
to soil enhances soil labile organic pools (An et al. 2015a), but the additions of different quality residues in
soils with different levels of SOC and nutrients determine its accumulation (Singh et al. 2007; Fang et al. 2018).
The effect of soil fertilization on the incorporation of different types of maize residues into labile C pools has
received far less attention.

The objectives of our research were: (1) to quantify the contribution of different types of maize residue to
soluble organic C, measured as extractable organic C (EOC), and MBC and (2) to determine the differences in
distribution and utilization of residue C in long-term soil fertilization among residue types. We added the '3C-
labeled maize residues (leaf, stem and root) to unfertilized and organic-fertilized soils and incubated the soils
for 360 days. The percentages of different residue C in EOC and MBC fractions were determined. The
incubation study was designed to test the following hypotheses: (1) plant residue addition would increase the
labile organic C, with its magnitude depending on the residue types, i.e., more aboveground residue C would be
incorporated in labile organic C than root residue C; (2) soil fertilization would regulate the distribution of plant
residue C in EOC and MBC, and the greater distribution of residue C in labile organic C would be in unfertilized
soil because of C deficiency than organic-fertilized soil.

Materials And Methods
Experimental site and soil sampling

Soil samples were collected from a long-term fertilization experiment station (41°49'N, 123°34’E) that was
established in 1987 at Shenyang Agricultural University, Liaoning, China. This region is characterized by a
typical continental monsoon climate, with annual mean temperature of 7.9 °C and annual mean precipitation
of 705 mm. The soil type is Brown Earth according to the Chinese Soil Taxonomy (a Hapli-Udic Alfisol
according to the USDA Taxonomy, Soil Survey Staff, 1999). The cropping system is monoculture maize which
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is sown in early May and harvested in early October each year. A detailed description of this site was given by
An et al. (2015b).

Field plots with two fertility levels were selected for this study: (1) no fertilizer application (unfertilized soil); (2)
application of composted swine manure (270 kg N ha y~ ") for more than 27 years (organic-fertilized soil). The
compost contained 150 g kg™ total organic C; 10 g kg™ total N; 10 g kg™ ' P,Os and 4 g kg™ K,0 on a dry
weight basis (An et al. 2015a). In each plot, a total of five samples were randomly collected, and then fully
mixed to form one composite soil sample to represent each experimental plot. Soil samples (0—20 cm depth)
were collected in November, 2014, and all visible crop roots and debris were removed, then all the soil samples
were sieved (2mm) and air-dried for the subsequent incubation experiment. The main soil properties of the soil
samples are shown in Table 1.

Table 1
Basic characteristics of soil samples in long-term fertilization of soils (in 2014)
Soil To_tlal §13¢ Total Total C/N C/P  Clay pH Microbial
SOi
fertilization (%o) nitrogen  phosphorus (%) (H,0) biomass
organic carbon
carbon (N.g (Pgkg™")
) kg™") (mg kg™
(g kg 1)
")
Unfertilized 10.10 -17.88 1.10+ 492+0.24 8.91 2.05 17.30 6.11 117.69
+0.15 +0.15 0.06 t * +0.13 ¢ 3.25
0.13 0.63* 0.23
](c)rgalmicc—l 17.80 -19.45 220+ 2277+ 8.10 0.78 18.94  6.31 163.54 +
ertilize + * * * * * + +0.14 + *
+0.16 017" 0.02 2.48 0.11 0.06 0.97 5.23

4 Unfertilized: long-term no fertilization soil; Organic-fertilized: long-term organic manure fertilization soil.

b Stars show the significant differences (P<0.05) between soil fertilizations at the same indicator.

Preparation of 13C-labeled maize residue

Root, stem and leaf residue were obtained from fully matured maize plants that had been pulse-labeled with
13C0, (98 atom %) for six times across the whole growth stages in 2014 (An et al. 2015b). The aboveground
plant was cut at the root base and then stem and leaf residues were carefully collected. The main and lateral
roots were gently separated from soil and then washed off the adhering soil with tap water. All the sampled
residues were oven-dried at 70 °C for 12 h. Five plants (root, stem, and leaf, respectively) were randomly
selected from all the labeling maize plants and then chopped 5 mm segments. After that, the residues were
selected by the quartering methods and then ground into less than 0.5-mm segments. Root residue contained
400 g kg™ total organic C, 12.6 g kg™ total N, 394%o &'3C value, and C/N ratio of 32. Stem residue contained

Page 4/19



440 g kg~ total organic C, 14.5 g kg™ " total N, 696%0 6'3C value, and C/N ratio of 30. Leaf residue contained
421 g kg~ total organic C, 12.7 g kg™ " total N, 662%0 &'3C value, and C/N ratio of 33.

Incubation experiment

Air-dried soil sample (120 g) was weighted into 500 ml incubation vessels. Soil was then pre-incubated at 35%
of its water holding capacity (WHC) at 25 °C for 7 days, because sieving affects the availability of soil organic
matter (SOM) for soil microorganisms (An et al. 2015a). The pre-incubated soil samples were amended with
root, stem and leaf residues (1% of oven-dried soil weight), respectively. No amendment was applied in the
control treatment. The added residues were thoroughly mixed with incubated soil. The glass vessels were
sealed with parafilm, and several tiny holes were drilled in the parafilm in order to allow gas going through
while retarding soil water evaporation (Wang et al. 2014). Soil samples were incubated at 25°C at 60% WHC for
360 days under darkness. Periodically, the vessels were weighed, and the soil water content was maintained at
the original soil moisture level throughout the incubation period by supplementation with distilled water. Three
replicates of each treatment were randomly and destructively sampled on the 1st, 7th, 28th, 56th, 180th and
360th day after incubation. A part of the sample was stored at 4 °C for EOC and MBC analysis. While the other

part was air-dried, ground through 0.15 mm sieve and analyzed for SOC content and 6'3C value.

MBC and EOC determination

MBC was determined using chloroform-fumigation extraction (Vance et al. 1987). Briefly, fresh soil samples
(equivalent to 10 g oven-dried soil) were fumigated with purified CHCI; for 24 h in the dark at 25 °C. After
fumigation, the soil samples were extracted with 0.5 M K,SO, at 1:4 soil: solution ratio. An equivalent amount
of non-fumigated soil was also extracted when fumigation commenced. The organic C of the non-fumigated
extract was the EOC (Schaeffer et al. 2013). The organic C content of soil extract was determined with the Total
Organic Carbon Analyzer (Elementar High TOC Il, Germany). MBC was calculated as the difference in organic C
content between fumigated and non-fumigated soil extracts with a correction factor (kz) of 0.45 (Wu et al.

1990). All K,SO,-extract aliquots (20 ml) were freeze-dried for the determination of '3C abundances.

Isotopic C analysis and calculation

Analyses of the organic C contents and §'3C values in soil were conducted in an elemental analyzer (Elementar
Vario PYRO cube, Germany) coupled to an isotope ratio mass spectrometer (IsoPrime 100 Isotope Ratio Mass

Spectrometer, Germany). §'3C values of K,SO, extract samples were also determined in the same way. The

6'3C value was expressed in parts per mil (%o) relative to the international standard Pee Dee Belemnite (PDB)
(Werner and Brand 2001).

The 8'3C value of MBC (6'3Cygc, %0) was calculated as follows:
Jlic.usc = I:(CF = 5130}_ )_ (C.\’F = ‘EHC.\'F ):I HCr=Cyr) (1)

where Crand 6'3C are the total organic C content (mg kg soil™ ) and §'3C value (%o) in the fumigated

extracts, respectively, and Cyr and 6'3C - are the total organic C content (mg kg soil™ ") and 6'3C value (%o) in
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the non-fumigated extracts, respectively.

The percentage (f, %) of maize residue C in MBC and EOC was calculated according to De Troyer et al. (2011):

f=[§13C _5%C

sample contral

)x¥100/(85C, 00 = 6°C ey ) @)

where 8'3C, /e is the 83C value (%o) of C pool in soil sample treated with maize residue, §"3C 0 is the
8'3C value (%o) of C pool do the corresponding soil sample without maize residue addition and 8'3C,.gjy,e0 i

the 6'3C value of the applied maize residue.

The content of C pool derived from residue C (C,.4,0) Was calculated with the following equation (Blaud et al.
2012):

Cmfdrs = Csmp.ie X f (3)

where Cg,mp/ is the total content of C pool in EOC and MBC.

Repeated measures analysis was performed for all data over time, using a linear mixed model consisting of
fixed effects of soil fertilization (unfertilized and organic-fertilized soil), plant residue types (maize root, stem
and leaf), and time and their associated interaction, and random effects of replicates and replicates by time. All
repeated measurements satisfy the assumption of sphericity. To allow for correlation between repeated
measures on the same treatment, a first-order antedependence correlation model was assumed for the
residuals within a plot (Fang et al., 2018). Differences between soil fertilizations were assessed by paired T-test.
All statistical analyses were performed with IBM SPSS 19.0 (IBM, USA) software package with significant
differences at P<0.05 level. Graphs were drawn using Origin 8 (Origin Lab, USA).

Results
Contribution of maize residue C to EOC

Soil fertilization and residue type significantly affected (P< 0.05) the contents of EOC (Table 2). EOC decreased
from 241 mg kg™ soil to 138 mg kg™ ! soil (Fig. 1a and b) during the incubation time. And it was 1-2 times
higher in the organic-fertilized soil than that in the unfertilized soil treated with residues. The content of EOC in
the unfertilized soil treated with root residue was lower than those treated with stem and leaf residues during
the whole incubation. However, the opposite trend was observed in the organic-fertilized soil treated with
residues after 56 days. At the end of incubation (360th day), the EOC content in the organic-fertilized soil added
with root residue was about 30% higher than those of stem and leaf residues.
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Table 2

Statistical significance (P values) of the fixed terms of soil fertilization (F; unfertilized soil and organic-fertilized
soil), residue type (R; root, stem and leaf), and/or time (T) and their associated interaction on the dependent
variables tested.

Factor EOC 13¢- MBC 13¢- 13c_EOC/ 1SC_MBC/ 13¢- 13¢-
oc c EOC/ MBC/
E MB 13 ; 13 ;
Cresidue0 Cresidue0 EOC MBC
Soil fertilization  P< P< P< P< P<0.001 P<0.001 P< P<
(F) 0.001 0.001 0.001 0.001 0.001 0.001
Residue type P< P< 0.047 0.002 P<0.001 0.04 P< 0.044
(R) 0.001 0.001 0.001
Time P< 0.011 P< P< P<0.001 P<0.001 P< P<
0.001 0.001 0.001 0.001 0.001
(T)
FxR P< 0.001 0.039 P< 0.001 P<0.001 0.12 P<
0.001 0.001 0.001
FxT P< P< P< P< 0.002 P<0.001 P< P<
0.001 0.001 0.001 0.001 0.001 0.001
RxT P< P< 0.002 P< P<0.001 0.07 P< 0.001
0.001 0.001 0.001 0.001
FxRxT 0.054 0.043 0.004 0.001 P<0.001 0.018 P< P<
0.001 0.001

3 EQC, total extractable organic carbon; 3C-EOC, EOC derived from residue C; MBC, total microbial biomass
carbon; 3C-MBC, MBC derived from residue C; '3C-EOC/'3C residue0, percentage of '3C-EOC in initial content of
C in the residue; '3C-MBC/'3Cresidue0, percentage of '3C-MBC in initial content of C in the residue; '3C-
EOC/EQC, percentage of "3C-EOC in EOC; '3C-MBC/MBC, percentage of '3C-MBC in MBC.

The contribution of root and stem-derived residue C to EOC decreased with the incubation time in different
fertilizer treatments (Table 3). At the end of incubation, a greater contribution of residue C to EOC was seen in
the unfertilized soil compared with organic-fertilized soil. The contribution of residue-derived C to EOC was less
than 12% in the unfertilized soil (Table 3), with the highest content of EOC derived from residue ("3C-EOC) (an
average of 27 mg kg™ soil) (Fig. 2a and b), on the first day. The "3C-EOC value decreased sharply to 11 mg kg~
1 soil on the 28th day, and then slowly decreased in the unfertilized soil treated with residues till the end of
incubation. A greater contribution of residue C to EOC treated with root was observed in the unfertilized than
those in stem and leaf residues during the whole incubation (Table 3). The peak value of "3C-EOC in the
organic-fertilized soil, accounting for about 9.0% of EOC, occurred on the 28th day for the three residues

(Table 3). After 180 days, the contribution of residue C derived from root to EOC (8.2%) was higher compared
with residue C (4.9%) from leaf and stem in the organic-fertilized soil.
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Table 3

Relative contributions (%) of residue carbon in extractable organic carbon and microbial biomass carbon in
long-term fertilization of soils added with maize root, steam and leaf residues, respectively

Incubation  Extractable organic carbon Microbial biomass carbon
time Root residue = Stem Leaf Root residue Stemresidue Leaf residue
(days) residue residue
UF OF UF OF UF OF UF OF UF OF UF OF
1 114 8.7 9.3 7.6 6.8 57 11.1 25.0 13.2 20.3 14.5 22.2
+0.9 + + + + + +1.0 2.7 +1.4 +22 +1.2 +2.1
* 07 08 04 05 04 b a* a b* a
a b* b C* a*
C
7 7.2 8.0 7.2 6.9 6.3 54 19.4 28.6 18.9 21.0 22.4 25.0
+0.6 + + + + + +19 +26 +1.5 +20 +2.0 +2.3
04 07 05 05 05 b a* b b* a
a a* a b b* a*
C
28 7.5 8.6 55 8.9 7.8 9.1 14.1 30.0 15.3 23.6 18.8 27.4
+0.5 + + + + + +12 +28 +1.4 +2.1 +1.6 +2.7
04 05 05 05 08 b a* b b* a
a a* a a a*
a* a’
56 7.9 8.0 52 7.0 54 7.3 19.0 35.1 17.4 28.5 28.5 254
+0.4 + + + + + +16 +3.8 +1.5 +26 +2.7 +2.4
05 04 04 03 07 b 2t b b* 9t
a a b b C
a" a"
180 9.1 8.2 7.8 4.8 5.9 49 16.5 49.0 18.0 42.6 23.2 31.7
+09 + + + + + +15 +50 +16 +43 +20 +30
a* 04 05 02 04 04 b a* b b* a
a b* b C* b C*
360 8.6 8.2 7.2 4.8 5.8 49 12.0 47.3 17.0 50.2 20.5 24.4
+0.7 + + + + + +1.0 +4.0 +1.5 +50 +1.9 +2.2
07 06 04 04 04 c a* b a* a
a a b* b C* b*
b

4 UF, unfertilized soil; OF, organic-fertilized soil.

b Different lowercase letters show the significant differences (P< 0.05) between different residue treatments at
the same incubation time.

¢ Stars show the significant differences (P< 0.05) between different soil fertilization at the same residue
treatment at the same incubation time.

Contribution of maize residue C to MBC
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Soil fertilization and incubation time showed significant effects (P<0.05) on MBC (Table 2 and Fig. 1c and d).
MBC was initially 426 mg kg™ ' and 280 mg kg™ in the organic-fertilized soil and unfertilized soil, respectively
(Fig. Tc and d), and then decreased by 85% at the end of incubation (on the 360th day). During the whole
incubation, residue type had no significant effect (P>0.05) on MBC in the unfertilized soil (Fig. 1c). The MBC of
organic-fertilized soil treated with stem residue was higher than those of root and leaf residues in the first 28
days of incubation, then increased by 22%~35% in the organic-fertilized soil treated with root residue compared
with stem and leaf residues.

More MBC was derived from residue C ("3C-MBC) in the organic-fertilized soil than that in the unfertilized soil
(Fig. 2c and d). The '3C-MBC treated with leaf residue was greater than those from root and stem residue C
(except after 1 day) in the unfertilized soil. And the percentages of '3C-MBC ranged from 15-30% to the leaf
residue, of which was 10—-20% to the root and stem residues in the unfertilized soil (Table 3). The peaks of '3C-
MBC values were 42, 45 and 56 mg kg™ ! soil on the 7th day, and then the second maximum values were 37, 37
and 50 mg kg™ " soil occurred on the 56th day in the unfertilized soil treated with root, stem and leaf residues,
respectively (Fig. 2c and d). The '3C-MBC contents of organic-fertilized soil decreased from 100 mg kg~ "soil on
1st day to 25 mg kg™ ! soil at the end of incubation. About 20%~50% of MBC was derived from residue C in the
organic-fertilized soil during the whole incubation, especially on the 180th day and 360th day, it exceeded to
40% (Table 3). In addition, the "3C-MBC contents derived from root residue was significantly greater (P< 0.05)
than that derived from leaf residue after 28 days of incubation in the organic-fertilized soil. Even at the later
incubation stage (on the 180th day and 360th day), MBC derived from root residue C was 4 times greater than
that derived from leaf residue C.

Distribution of maize residue C in different soil C pools

Overall, the distribution of root and stem derived C in EOC decreased with incubation time. In comparison, a
peak distribution from leaf residue to EOC showed on the 28th day. At the end of incubation, the distribution of
root-derived C in EOC was higher than those of stem and leaf derived C in both of unfertilized and organic-
fertilized soils treatments.

The distribution of maize residue C in MBC was higher in the organic-fertilized than that in the unfertilized soil
treated with residues addition (Table 4). The two peak values in the distribution of residue C in MBC in the
unfertilized were observed on the 7th day and 56th day, respectively (Table 4). However, the distribution of
residue C in MBC decreased in the organic-fertilized soil during the whole incubation (Table 4). At the end of
incubation, the distribution of leaf-derived C in MBC was higher than those of the stem and root-derived C in
MBC in the unfertilized soil. However, in the organic-fertilized soil, less leaf-derived C was distributed to MBC
compared with root and stem residues.
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Table 4

Distribution of residue carbon in extractable organic carbon and microbial biomass carbon (%) in long-term
fertilization of soils added with maize root, stem and leaf, respectively

Incubation

time
(days)

28

56

180

360

Extractable organic carbon

Root
residue

UF

T OHN
- ©

o+ N
-

Q

o+ N
- N

o

o+ N
-

Q

OF

Stem
residue

UF

OF

49

o oM =
- @

T o=
- o

Leaf residue

UF OF
4.0 3.3
+03

0.0
b* c
2.8 3.6
+03

0.3
b

C*
3.1 5.5
+0.7 ¢

0.5
a

a*
2.2 3.8
+0.2 ¢

0.2
b

b*
2.2 2.1
+0.1 *

0.1
b

b
1.5 1.7
+0.0 ¢

0.1
Cc

b

Microbial biomass carbon

Root residue
UF OF
7.0 18.1
+0.1 +2.2
b*
b
8.7 18.7
+0.1 +1.2
b a
5.9 17.2
+04 +0.4
b a’
7.7 14.5
+0.6 +1.4
b a
2.6 10.0
+0.0 0.9
a*
a
1.4 6.9+
+0.1 1.1
b at

Stem
residue

UF

o N
— w

OF

O+ N
aN

O
*

oo
w o
+

[¢}]

Leaf residue
UF OF
8.0 19.7
+0.7 19
a ab”
11.1 18.2
+06 +1.1
a a*
7.8 10.6
+04 +0.2
a ot
11.2 10.6
+1.3 +04
a" b
2.9 2.4
+03 0.7
a" c
2.4 2.5
+0.1 +0.1
a b

@ UF, unfertilized soil; OF, organic-fertilized soil.
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b Different lowercase letters show the significant differences (P< 0.05) between different residue treatments at
the same incubation time.

¢ Stars show the significant differences (P<0.05) between different soil fertilization at the same residue
treatment at the same incubation time.

Discussion

Incorporation of residue C into EOC

EOC and MBC are fractions of SOC that have rapid turnover rates and provide an easily accessible reservoir of
C and nutrients (Choudhary et al. 2013). Fresh residue C addition can increase the content of EOC and MBC
compared to soils with no residue addition because they provide C sources for soil microorganisms, and
promote microbial growth (Jin et al. 2018; Perelo and Munch 2005). We found that more residue C was
distributed in MBC (6.9% and 13.8%, in the unfertilized and organic-fertilized soil, respectively) compared with
EOC (3.3% and 3.5%, in the unfertilized and organic-fertilized soils, respectively) for the whole residue amended
treatments, which is consistent with previous results reported for this agricultural soil (An et al. 2015a).
Although EOC in soil without newly-added residue represents a major bioavailable substrate for
microorganisms (De Troyer et al. 2011), as there may be preferential assimilation of dissolved organic C
derived from residue C with rapid consumption rates (Kuzyakov and Jones, 2006).

Soluble organic C is considered to be an important component for sequestering residue-derived C in soil
(Choudhary et al. 2013). The EOC content in agricultural systems suggest that only a small portion of soluble
organic C is derived from fresh plant residues (An et al. 2015a; Blagodatskaya et al. 2011a). We also found that
only 1.5-2.3% of residue C remained in EOC for the all treatments after 1 year (Table 4). This is attributed to the
fact that the soluble organics derived from newly-added residues are likely easily and preferentially degraded
by microorganisms (Qiu et al 2015; Blagodatskaya et al. 2011b). As expected, a greater contribution of residue
C to EOC was observed on the first day of incubation. The soluble organic fraction from fresh residue addition
is released to soils after several hours or days, which implies relatively rapid EOC uptake by active
microorganisms (De Troyer et al. 2011). Our first hypothesis assumed that more aboveground residue C would
be incorporated in the labile organic C. This was not confirmed at least in the EOC fraction regardless soil
fertilization treatment (Fig. 2a and b). Some studies have found that SOM formation from root residue C inputs
exceed those of the aboveground C inputs (e.g. stem and leaf residues) (Kong and Six. 2010). We observed a
greater contribution of root-derived C in EOC fractions compared with stem and leaf residues (Fig. 2 and b, and
Table 3). This suggest that root exudates from living plant biomass would have a strong potential for the
formation of mineral-associated organic carbon (Sokol et al. 2019). Therefore, root-derived C stabilizes more
efficiently than stem and leaf residues and highlight the important roles of roots in improving labile SOC pools
in these agricultural soils. In addition, the mean residence time in soils for root-derived C has been found to be
higher than stem-derived C (Rasse et al. 2005). This may be attributed to the chemical composition of residues
(such as higher lignin in root residue) (Lian et al. 2016). The interaction of lignin molecules and transformed
products of lignin with soil quality are important for SOC stability than their intrinsic chemical recalcitrance
(Rasse et al. 2006). Therefore, the proportional incorporation of root-derived residue C to the sequestration of
EOC in the lab incubation of these agricultural soils was greater than that of aboveground residue C.
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The second hypothesis assumed that soil fertilization would affect the distribution of residue C in EOC. Indeed,
greater distribution of residue C in EOC fractions was observed in the unfertilized soil than that of organic-
fertilized soil. In addition, greater contribution of residue C in EOC was observed in the unfertilized soil than that
in the organic-fertilized soil at the end of incubation (Table 3). This may be because a proportionally greater
amount of degradable C was input to unfertilized soil, and this added fresh C was assimilated rapidly by
“starving” C-limiting microorganisms (Bastida et al. 2013; Chen et al. 2018). Fresh residue C addition was easily
assimilated as EOC by microorganisms in the unfertilized soil. In contrast, in the long-term organic manure
application soil with more microbial biomass, the EOC derived from residue was preferentially used by
microorganisms for energy production and was mostly released as CO, (unpublished data), thus a lower
incorporation of maize residue C into the EOC fraction was observed in the organic-fertilized soil.

Incorporation of residue C into MBC

The peak value of MBC derived from residue C occurred at different periods in different soil fertilization (Fig. 2¢c
and d). This is consistent with the idea that residue availability is affected by initial nutrition and microbial
activity of soils (An et al. 2015a; Chen et al. 2018). For example, the continuous decrease of the MBC derived
from residue C in the organic-fertilized soil can be attributed to faster turnover by higher microbial activity (as
CO, released) in organic fertilizer treatment (unpublished). Microbial growth (and microbial biomass) depends
on residue availability, which could be supported by the decrease of MBC after residue exhaustion (Shahbaz et
al. 2017a). In contrast, due to the low SOC level in the unfertilized soil compared with the organic-fertilized soil,
excess fresh residue C may induce the fluctuating change of MBC by the fast- (~strategist) and slow-growing
(K-strategist) microorganisms in soil (John et al. 2003; Fontaine et al. 2003), this may be a result of substrate
metabolized by microorganisms shifts with changes the residue availability (Perelo and Munch 2005).
Therefore, the dynamic changes of microbial biomass are affected by the fresh residue addition to the
agricultural soils of long-term soil fertilization.

Contrary to our first hypothesis, we that more root-derived and stem-derived residue C was incorporated into
MBC in the organic-fertilized soil, especially after 180 days of incubation (Table 3). The long-term application
of organic manure not only increases soil fertility, but also alters soil microbial community and activity
(Marschner et al. 2003). Maize stems could be preferentially utilized by microorganisms to incorporate into
MBC because of their high carbohydrate concentrations (Clemente et al., 2013). Although root residue is
observed to more slowly than stem and leaf residues (unpublished), root residue is still degraded and
transformed to the stable SOC (Kuzyakov and Jones. 2006). It is possible that the portion of the microbial
community utilizing more chemically complex C occupies a more dominant role in the organic-fertilized soil
(Kiem and Kogel-Knabner 2013; Kramer and Gleixner 2006). Thus, more root and stem residues could be
retained in organic-fertilized soil as stable SOC. In contrast, leaf residue contains a higher proportion of labile
compounds (e.g. more sugar) that can be efficiently utilized by microorganisms, leading to larger microbial
biomass than that from root- and stem-derived in previous studies, but only over the short-term (Cotrufo et al.
2013). In our study, more leaf-derived C was distributed to MBC compared with stem and root residues in the
unfertilized soil (Table 4), as we hypothesised, which indicates that potentially greater substrate-use efficiency
of leaf material. It is also possible that aboveground and belowground residues C are equally important to the
formation of SOM, with their relative importance being driven by different environmental conditions (Sokol et
al., 2019). For example, leaf litter leachate derived EOC contributes a major source of C to mineral C in forest
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ecosystems (Kaiser and Kalbitz. 2012). In addition, higher rates of transformation to SOM in leaf residue was
observed in the C poor soil than that of the C rich soil (Miltner et al. 2012).

The contribution of residue C to MBC is not only related to residue types but also to soil fertilization levels
(Shahbaz et al. 2017a). Our second hypothesis was not fully confirmed, at least in the MBC pool, as more
distribution, and greater contribution, of residue C in MBC was observed in the organic-fertilized soil compared
with the unfertilized soil (Tables 3 and 4). It has been widely observed that organic manure application
markedly increases the MBC fraction (Gong et al. 2009; Ding et al. 2012). Long-term organic manure addition
enhances the activity of microorganisms by providing a readily-available source of C substrate (Li et al. 2018;
Jin et al. 2018), thereby increasing the conversion of residue C into MBC fraction. In addition, more residue-
derived MBC in fertilized soil has been found in some laboratory experiments (Jin et al. 2018; Lian et al. 2016).
Conversely, excess fresh C input into unfertilized soil with the insufficient nitrogen and/or phosphorous

(Table 1) might limit the residue availability for microbial growth. Organic manure treatment is thus a
significant a significant control on the transformation of residue C into microbial biomass as well as the
stabilization of residue C in soil. Therefore, the residue-derived C contribution to MBC could be attributed with
the initial soil C and nutrient background.

Conclusion

In summary, our results demonstrate that the incorporation of maize residue C into soil labile organic C pools
(i.e., EOC and MBC) is strongly affected by residue type and soil fertilization. Specifically, root-derived C
accumulated more in EOC and MBC than aboveground residue C in the organic-fertilized soil, but leaf-derived C
accumulated more in MBC than those of root- and stem-derived C in the unfertilized soil, suggesting that root
residue could lead to a greater potential labile C pool, which could constitute the primary C source for the
microbial biomass and the precursor of stable SOC. This trend also indicates that the sequestration
mechanisms of root vs. aboveground residues is regulated by soil fertilization, i.e., root-derived C may
contribute more to stable SOC in the form of microbial products in the organic-fertilized soil, whereas leaf-
derived C may be transformed into SOC more through the microbial synthesis in the unfertilized soil. Moreover,
the contribution of residue C into EOC was greater in the unfertilized soil than that in the organic-fertilized soill,
but more residue C was incorporated into MBC in the organic-fertilized soil than that in the unfertilized soil. This
implies that the organic-fertilized soil should trigger a high C stabilization capacity following plant residue
addition due to more microbial production, but the unfertilized soil was beneficial to promote the accumulation
of plant residue in the form of EOC.
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Figure 1

The contents of extractable organic carbon (a and b) and microbial biomass carbon (c and d) in different soil
fertilization added with 13C-labeled maize root, stem and leaf residues, respectively. Different lowercase letters
show the significant differences (P < 0.05) between different treatments at the same incubation time.
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Figure 2

The 13C contents of extractable organic carbon (a and b) and microbial biomass carbon (c and d) derived from
residue carbon in different fertility level soils added with 13C-labeled maize root, stem and leaf residues,
respectively. Different lowercase letters show the significant differences (P < 0.05) between different treatments
at the same incubation time.
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