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Abstract:

Aims We studied the effects of mixing rice straw and hairy vetch plant residues in a subtropical paddy
soil, on subsequent carbon (C) and nitrogen (N) dynamics.

Methods Using a theoretical framework, we designed two groups of experiments (involving equal
amounts of residual C or N addition, referred to as either C or N treatments). Each experiment included
mixed residues of rice straw and hairy vetch at different mixing ratios. Soils together with residues
were incubated at 25°C under waterlogged conditions for 100 days. Greenhouse gas (GHG) emissions
and available C and N fractions were measured continuously.

Results Both C and N treatments affected soil C and N dynamics, and these dynamics were
quantitatively dependent on residue C/N ratios. The effect of residue mixtures on C and N dynamics
could not be predicted from single residues, since there were non-additive effects of residue mixtures.
Synergistic effects were generally more frequent than antagonistic effects. Residue mixtures tended to
enhance CO, and CH,emissions in both C and N treatments but decreased N,O emissions in the N
treatment. In the N treatment, dissolved organic C (DOC), dissolved organic N (DON), and microbial
biomass C (MBC) concentrations increased. DOC and DON concentrations decreased in the C
treatment. Residue mixtures enhanced the global warming potentials (GWP) of greenhouse gases
(GHG) emitted from soil by non-additive synergistic effects. The C/N ratio of residue mixtures affected
the non-additive responses of soil C and N dynamics, for example mixtures with a C/N ratio of 25 had
higher CO, emissions and DOC concentrations than those with a C/N ratio of 35 as a consequence of
non-additive effects, however, CH,emissions and MBC concentrations were higher in mixtures with a
C/N ratio of 35 than in mixtures with a C/N ration of 25.

Conclusions These results indicated that non-additive effects can impact soil C and N dynamics and
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that residue C/N ratios play an important role in influencing non-additive effects. Applying a single
residue to paddy soils may be better than residue mixtures from a GHG mitigation perspective.
Key words: Residue mixtures, C/N ratio, Soil C and N dynamics, Non-additive response, Paddy soil

Introduction

Rice straw and green manure applications are important practices for managing soil fertility in the
South of China. They can regulate soil carbon (C) and nitrogen (N) cycling, affect plant growth and
change microbial community structure (Ma et al. 2009; Hansen et al. 2017). Previous research on rice
straw and green manure applications alone have identified factors that influence the decomposition rate,
such as C/N ratio (Huang et al. 2004), chemical composition (Redin et al. 2014), amount of input
(Kimura et al. 2004), and soil properties (Wang et al. 2013). Nowadays, it is normal practice to return
rice straw and green manures together to paddy fields. Consequently, it is valuable and necessary to
study the mixtures of rice and green manure residues in order to understand the factors affecting
decomposition processes.

Previous research has shown that residue mixtures may have additive or non-additive effects on
decomposition processes, and that non-additive effects predominate (Hattenschwiler et al. 2005; Chen
et al. 2015, 2017). An additive effect implies that there is no interaction between the constituent
residues during decomposition. Accordingly, the decomposition processes of the residue mixture, e.g.
decomposition rate, can be predicted from the decomposition rates of individual components of residue
mixture. A non-additive effect occurs when there are interactions between the component residues,
which either stimulate (i.e. synergistic) or inhibit (i.e. antagonistic) the decomposition processes in the
residue mixture leading to differences from predictions based on the decomposition of the constituent
residues (Chen et al. 2017). It can be unreliable to predict the decomposition of residue mixtures from
knowledge of the decomposition of single residue components.

Although Hattenschwiler et al. (2005) have reviewed three plausible mechanisms for
non-additive effects on C and N dynamics (i.e. the nutrient transfer theory, the effects of specific
compounds theory and the improved micro-environmental conditions and trophic levels theory), the
mechanisms of this process remain unclear (Gartner and Cardon, 2004; Makkonen et al. 2013; Chen et
al. 2017). Tardif and Shipley (2015) suggested that all mechanisms of non-additive effects stem from
the chemical or structural differences of residues in the mixture rather than their taxonomic identity.
Various chemical components released from residue mixtures can impact on microbial growth and
activity in different ways, ultimately affecting the decomposition process positively or negatively
(Sinsabaugh et al. 2002). Recent studies on the decomposition of residue mixtures have indicated that
variations in chemical characteristics can influence the effects of residue-mixing on soil C and N
cycling (Lecerf et al. 2011; Chen et al. 2017). However, very few studies have focused on how specific
chemical characteristics (such as the C/N ratio) of the residue mixture can affect C and N dynamics in
the decomposition process, which is important for revealing the mechanism of residue-mixing effects
(Bonanomi et al. 2010).

The primary objective of this study was to assess the effects of incorporation of rice straw and
green manure (hairy vetch) mixtures on soil C and N dynamics, and to evaluate residue mixing-effects
as influenced by the C/N ratio of residues in the mixture. Laboratory incubation experiments (applying
equal amounts of residual C and N, respectively) with rice straw, hairy vetch and their mixtures were
conducted to answer a set of research questions: (1) does the type or composition of crop residues
affect soil C and N dynamics? (2) if yes, does the C/N ratio correlate with decomposition processes? (3)
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do non-additive effects (synergistic and antagonistic effects) on soil C and N dynamics occur? and, (4)
does the C/N ratio influence non-additive responses of soil C and N dynamics in residue mixtures?

Material and methods

Soil and residues

Soil was collected from an experimental site managed by the National Engineering and
Technology Research Center for Red Soil Improvement in Fengcheng, Jiangxi Province, China
(N28-07’, E115-56' and altitude 25.4 m). The soil is derived from quaternary parent materials, with a
pH of 5.2 and a texture of 70.1% sand, 27.1% silt, and 2.8% clay in the upper layer (0-20 cm). Other
soil properties were as follows: soil organic C (SOC) 24.3 g kg™, total N (TN) 2.3 g kg™*, mineral N
(Nmin) 71.5 mg kg™, In early April 2015, soil at depths of 0~20 cm was collected from ten locations in
a paddy field along an “S” shaped transect. All soil samples were mixed thoroughly, air dried, crushed,
passed through a 2-mm sieve, cleared of visible roots and stones, and stored in sealed containers before
pre-incubation.

At the same location as the soil, aboveground biomass of the rice straw (Oryza sativa L., hereafter
abbreviated as RS) and green manure (hairy vetch, Vicia villosa roth L., hereafter abbreviated as GM)
residues were collected from ten points, then dried in a fan oven at 60 °C for 24 h, ground and sieved to
particle size < 1mm, and stored in sealed containers.

Incubation experiment

The air-dried paddy soil was rewetted to 60% water holding capacity and pre-incubated at 25 °C
for 10 days in dark so as to activate the soil microbes (Wang et al. 2013). After pre-incubation, the soil
(200.0 g equivalent dry-weight) was placed in a plastic basin and amended with residues. It was then
hand-mixed thoroughly and placed in 500 ml culture-flasks.

There were two treatment groups in this experiments; the C and N groups, and each group
included five treatments: control (no residues) (CK); hairy vetch alone (C1 or N1); hairy vetch and rice
straw added together with a residual C/N ratio of 25 (C2 or N2); hairy vetch and rice straw added
together with a residual C/N ratio of 35 (C3 or N3); and rice straw alone (C4 or N4). The amounts of C
and N in the residues added to soil were 164.5 mg pot™ and 11.9 mg pot™ for the C treatments and the
N treatments, respectively. A C/N ratio of 25 has been identified as optimal for microbial
decomposition of residues (Parnas, 1976; Ndegwa and Thompson, 2000). The C/N ratio of 35 was
almost equal to that of mixture of the rice straw and hairy vetch applied in the fields. The amount of
hairy vetch added to the soil was double that normally returned to fields. Thirty-three replicates of each
treatment were prepared. Detailed information describing the different mixtures is provided in Table 1.
Distilled water was added to each flask to maintain a 2-cm depth of water above the soil surface (1:1
water/dried soil w/w). All flasks were sealed by a rubber septum and incubated at 25 °C in a growth
chamber in the dark. During the experiment, each flask was opened to allow gas exchange for 30 min
after sampling. The water depth was kept constant by adding water to flasks every 5 days. Three
randomly selected replicates of each treatment were destructively sampled at 1, 3, 5, 10, 15, 20, 30, 45,
60, 75 and 100 days after incubation for analysis of soil chemical and microbial properties.

The emissions of CO,, CH,, and N,O were measured at 1, 3, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
55, 60, 65, 70, 75, 80, 85, 90, 95 and 100 days after the start of the incubation. To do this, a 20 ml gas
sample was collected from each flask with a plastic syringe and was then was injected into an
evacuated 12 ml glass vial fitted with rubber stoppers to subsequently measure CO,, CH,, and N,O
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concentrations. All gas samples were analyzed within 24 h after sampling.
Residues and soil C and N characteristics analyses

The total C and N content of crop residues and physicochemical properties of the soil were
determined according to the Chinese Soil Society guidelines (Lu, 2000). Dissolved organic C (DOC),
total dissolved N (TDN), microbial biomass C (MBC), microbial biomass N (MBN) and mineral N
(Nmin: NHF-N and NO3-N) in the incubated soil were measured. Sixty g fresh-weight of soil was
extracted with 120 ml double distilled water (Wang et al. 2013), the extraction was passed through
0.45-um filter paper and analyzed using a TOC/N analyzer (Aanalytikjena, Multi N/C 2100, Germany)
and an autoanalyzer (SEAL AutoAnalyzer3, Germany). Dissolved organic N (DON) was calculated as
the difference between TDN and theinorganic N. MBC and MBN were estimated by the
chloroform-fumigation extraction method (Brookes et al. 1985; Davidson et al. 1989). N, was
determined using an autoanalyzer.

Concentrations of CO,, CH,; and N,O in the gas samples were measured using a gas
chromatograph equipped with flame ionization (FID) and electron capture detectors (ECD) (Agilent
7890A, USA).

Data analysis and statistics

Emissions of CO,, CH,, or N,O were calculated using the formula E1:

(A=B)XVXMx273x1000
22.4xmXtx(273+4T)

F(X) = (E1)

where F(X) is the emission flux of X gas (mg X kg™ d™); where A and B stands for X concentration (X
Airt, molx10® mol™) in the samples collected at the beginning and at the end, respectively; V is the
volume of gas in pot (L); M is the molar mass of X (g mol™); t is the number of days in its sampling
interval; m is the weight of dry-soil and T is mean temperature (°C) in pot, 273 is absolute temperature
(K) and 22.4 is the molar volume of gas under standardized state (L mol™).

Cumulative emissions of CO,, CH,, or N,O was computed using formula E2 (Chen et al. 2015):

Ft+Ft’

Ct’=Ct+ 2

X (t' = t) (E2)

where Cy and C,are gas accumulation (mg kg) at t” and t, respectively; Fy and F, are the emissions
(mg kgt d¥) att and t; tand t” are the sampling time and the next sampling time after t (d).

The Global warming potentials (GWPs, mg CO, equivalents kg™) of different treatments were
calculated using formula E3:

GWP=CO,+CH; X 25+N,0 X 298 (E3)

based on a 100-year time frame, the GWP coefficients of CH, and N,O are 25 and 298, respectively,
when the GWP value of CO, is assumed to be 1 (Forster et al. 2007).

To determine whether the residue-mixing effects (RME) on soil C and N occurred, the following
equation (E4) was used (Hoorens et al. 2003):

OBS value
EXP value

RME = (

)-1 (E4)

where OBS is the measured value of a soil C or N transformation (e.g., soil CO,/CH,/N,O emission,
dynamics of DOC, DON etc.), and EXP was calculated by averaging the results of the respective single
residue treatments according to the following equation E5 (Meier and Bowman, 2010):

EXP value= 3§, Ri/S (E5)
where Ri is the soil response when residue i was added alone, and S is the total number of types in the
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residue mixtures. Significant differences between RME and zero indicate that non-additive effects
occur. The strongest synergistic effects would lead to the greatest positive departure from zero and the
strongest antagonistic effects would lead to the greatest negative departure from zero.

Analogous to the calculation of the N,O emission factor in IPCC (2000), we defined the CO,-C or
CH;,-C emissions per unit C amendment and N,O—-N emissions per unit N amendment as an emission
fraction (EF) and calculated the EF for residue amendments using equations E6 and E7 (Huang et al.
2004):

EFcoz2 or cha = [(ECO; or CH,_T - £CO, or CH,_C)/T¢] x 100% (E6)
EFn20=[(EN,O _T-EN,O _C)/Ty] x 100% (E7)
where £CO, or CH, T and XN,O T are cumulative CO,-C or CH,-C and N,O-N emitted from
residue-treated soils, respectively; XCO, or CH,_C and N,O _C are cumulative CO,-C or CH,;-C and
N,O-N emitted from control (no residue), respectively; Tcand Ty are the content of residue C and N,
respectively.

The differences in soil CO,, CH,, N,O fluxes, DOC, DON, MBC, MBN, N, concentrations
among different treatments and groups (equal C and equal N) were tested by a two-way ANOVA.
One-way ANOVA followed by Duncan’s multiple comparisons were used for evaluating the statistical
differences in soil C and N between treatments. This analysis was used to test the differences in soil
CO,, CH,, N,O fluxes, DOC, DON, MBC, MBN, N, concentrations between different treatments and
incubation times. A paired t-test was used to assess significant differences in CO,, CH, and N,O
concentrations between treated and untreated flasks (no soil), and whether the residue-mixing effect
differed significantly from zero (Bonanomi et al. 2010). Regression analysis was conducted to examine
the relationships between residue C/N ratios and CO,, CH, and N,O emissions with DOC, DON, MBC,
MBN, N, concentrations (Huang et al. 2004). All statistical analyses were conducted using SAS 8.0
with a significance level of P < 0.05.

Results

Dynamics of greenhouse gas (GHG) fluxes and soil C and N concentrations during residues
decomposition

The incorporation of crop residues had an immediate effect on the emissions of CO,, and N,O
(Fig. 1). The CO, fluxes from all residue-treated soils showed similar patterns, with emissions
increasing to a peak after about one week and then decreasing steadily during the incubation period.
However, in the N treatments, e.g. N2, N3 and N4, there was a secondary peak after about the 40" day.
Residue amendment also increased CH, fluxes. Net emission of CH, wasn’t detected in the initial stage,
but reached a peak in the N treatments (especially in N3 and N4). The emissions of CH, were distinctly
different in the C and N treatments over the first 40 days, with a general rise in emissions in the C
treatments, but in the N treatments following and initial increase in emissions, there was a sharp
decline at around day 40. In contrast to CO, and CH, fluxes residue amendment decreased N,O fluxes,
especially after 60 days. The N,O fluxes from residue-treated soils in the 2 treatments showed a similar
pattern, with an initial decrease followed by more stable emissions during the period between day 20 to
40, and then increasing to a plateau beyond day 40.

Soil C and N concentrations in control and residue-treated soils are shown in Fig. 2. In general,
residues amendment increased DOC, DON, MBC and MBN concentrations, where the C/N ratio was
<35 (including C1, C2, C3, NI, N2 and N3) but where the C/N was 63 (C4 and N4) Nuin
concentrations decreased, compared with the control. Supplementary information (Table S1) describes
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the average concentrations of C and N on all sampling dates, and an ANOVA analysis shows that there
were significant differences in DOC, DON and N, among residue C/N ratio. The two-way ANOVA
also showed that there were significant differences in the GHG fluxes and soil chemistries between
litter treatments and incubation times (Table 2).

The effects of residue C/N ratio on GHG emission fractions and soil C and N concentrations

A two-way ANOVA showed that there were significant differences in GHG emissions between
residues and C/N ratios (Table S1). Here, we used the gas emission fractions (EF) rather than the
cumulative gas emissions since was able to better reflect GHG emission potentials during residues
decomposition (IPCC, 2000). Values of the EF¢ (EF in the C treatment) and EFy (EF in the N treatment)
indicated that each gas EF in the C and N treatments was not a constant, but dependent on the residue’s
CIN ratio (Fig. 3). The CO, EF in the N treatment was negatively related to residue C/N ratio, but not
correlated in the C treatment. Interestingly, in the two treatments, the quadratic curve fitted well with
the relationship between the CH, EF and residue C/N ratio, indicating that there was an optimal C/N
ratio which could cause the largest CH, EF. The N,O EF in the C and N treatments were always
negatively related to residue C/N ratio.

At the end of incubation, simple fitting curve could intuitively describe the tendency of soil C and
N concentrations and the residue C/N ratio to affect GHG emissions (Fig. 4). In particular, although the
MBC concentration could be modelled well by a quadratic function, the DOC, DON, MBN and N,
concentrations in C treatments were negatively correlated with residue C/N ratio. However, in N
treatments, the DOC and DON concentrations fitted a quadratic curve well, and the MBC concentration
was positively correlated with the residue C/N ratio but MBN and N, were negatively associated to
residue C/N ratio.

Residue-mixing effects on greenhouse gas emissions and soil C and N concentrations

The bivariate relationship between observed and expected values showed that non-additive effects
were more frequent than additive effects throughout the incubation period (Fig. 5, 88 cases for CO, and
N,O in total; 68 cases for CH, in total; 44 cases for DOC, DON, MBC, MBN and N, in total). For
CO, CH4 N,O, DOC, DON and MBC, 51.1%, 85.3%, 71.6%, 70.5%, 63.6% and 61.4% of cases
showed non-additive effects, and 53.3%, 53.4%, 50.8%, 51.2%, 51.6% and 66.7% were synergistic
respectively; while for MBN and N, 72.7% and 54.5% of cases showed additive effects, respectively.

Throughout the incubation period, the average strength of residue-mixing effects for CO,, CH,,
N,O, DOC, DON, MBC, MBN and N, in the residue mixture treatments are presented in Fig. 6. The
results showed that residue mixtures significantly increased CO, and CH, fluxes by 3.6% and 14.2% in
the C treatment, 6.1% and 13.3% in the N treatments, and decreased N,O fluxes by 3.9% in the N
treatment. Interestingly, residue mixtures decreased DOC and DON in the C trial but increased them in
the N treatment.

Relationship of residue mixtures C/N ratio and residue-mixing effects

The relationships between the residue mixture C/N ratios and the strength of residue-mixing
effects was demonstrated by non-additive effects on cumulative GHG emissions, global warming
potentials (GWP) and the final soil C and N concentrations (Fig. 7). For example, non-additive
synergistic effects were observed in three of the four residue mixtures for soil CO, (C2, N2 and N3),
CH, (C3, N2 and N3) and N,O (C1, C2 and C3) emissions, were found in all residue mixtures for GWP,
and for soil DOC, DON and MBC concentrations in all of the N treatments; two synergistic effects and
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two antagonistic effects were found for soil N,. In general, synergistic effects were more frequent
than antagonistic effects within residue mixtures on soil C and N dynamics (Fig. 7).

A two-way ANOVA (Table 3) also showed that there were significant differences in
residue-mixing effects between residue C/N ratios and treatments. Combined with the observations in
Fig. 7, marked differences in residue-mixing effects on soil C and N fluxes between the C and N
treatments were found, indicating that more non-additive synergistic effects occurred in the N treatment.
Significant differences in residue-mixing effects were apparent between C/N ratios of 25 and 35,
showing that non-additive effects tended to be synergistic for CO, and N,O at a C/N ratio of 25, and for
CH,and MBC at C/N 35. However, the C/N ratio of residue mixtures had slight residue-mixing effects
on GWP (Table 3).

Discussion

Effects of residues amendment on soil C and N dynamics

In this study, marked effects on soil C and N dynamics were found in soil treated with single or
mixed residues (Figs. 1, 2 and Table S1). It could be seen from the control that the paddy soil was a
“source” of CO,, CH, and N,O (Fig. 1a, b, ¢ and Table S1), and that residue application dramatically
enhanced CO,and CH, but inhibited N,O emissions. Similar results have been reported in other paddy
soils (Ma et al. 2009; Liu et al. 2014; Ye and Horwath, 2017). The enhanced emissions may be due to
the increased soil microbial biomass and the growth of particular methanogenic populations after
residues incorporation, which often stimulated CO, and CH,emissions (Lou et al. 2004; Conrad and
Klose, 2006). In addition, anaerobic decomposition of residues does not only supply methanogenic
substrates but also reduces the soil oxidation-reduction potential (Eh) which may favor CH, production
(Cai et al. 1997; Ma et al. 2009). Kludze et al. (1993) found that soil would not emit CH, until its Eh
was less than -150 mV, which might be the reason why there was no net CH, emission at the initial
stage of incubation. The decreased N,O emission might be ascribed to the development of a more
anaerobic environment in the presence of residues (Cai et al. 1997; Ma et al. 2009), which decreased
the substrate (nitrate nitrogen) for denitrification and favored full reduction of N,O to N.,.

Residues decomposition can form dissolved organic matter (DOM) in natural and farmland
ecosystems (Kalbitz et al. 2000; Zhu et al. 2014). However, some studies have claimed that residue
application did not dramatically enhance soil DOM concentrations, because of the vulnerability of
DOM released from residues which could be decomposed and utilized in the short time (Jiang et al.
2013). Hagedorn et al. (2004) reported that about 70% of DOM was extracted from soil old organic
matter pools, and any methods that activate the soil C and N pool could increase soil DOM
concentrations. In our study, the application of single or mixed residue also increased soil DOC, DON
and MBC concentrations compared to the control (Fig. 2 and Table S1). Thus, it is reasonable to
conclude that residue application could activate the soil organic C or N pool and increase the soil
microbial community in a subtropical paddy soil.

Soil Npin concentrations were significantly higher in C1, C2, C3, N1, N2 and N3 treatments but
lower in C4 and N4 treatments than that in the control (Fig. 2 and Table S1). When soil N is deficient
and limits microbial growth, the residue N content would play an important role in controlling the
decomposition process, and determining the balance between N mineralization and immobilization
(Recous et al. 1995; Jensen et al. 2005). The enhanced N, concentrations in the C1, C2 and C3
treatments may have been due to the relatively higher initial residue N content compared to C4, leading
to a higher availability of N for soil microbial decomposers and resulting in more inorganic N
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production. However, although there were equal amounts of residue N in each treatment of N group,
significant differences of soil N, concentrations were observed. This result could be interpreted by the
coupling C and N cycles in which the C content of residues determined the balance between
mineralization and immobilization (Soussana and Lemaire, 2014).

Responses of soil C and N dynamics to residue C/N ratio and mixing effects

Residue C/N ratios influenced soil C and N dynamics (Huang et al. 2004). Particularly, for the
CO, emission fraction (EF), different relationships between residue C/N ratio and the CO, EF were
found in the two experiments (Fig. 3), indicating that residues C or N content could change the effects
of C/N ratio on CO, emission. Huang et al. (2004) reported that residues producing more DOM could
result in higher CO, emissions, because of the vulnerability of DOM to bio-mineralization. Our study
also found a positive and significant relationship between DOM (including DOC and DON) and CO,
emissions (Table S2). Residues with a lower C/N ratio or with a higher C content would produce more
DOM (Heal et al. 1997; Mungai and Motavalli, 2006), leading to an enhancement of CO, emissions.
However, in all treatments the relationship between residue C/N ratio and the two GHG (CH,4 and N,O)
EFs showed similar responses (Fig. 3), indicating that residue C/N ratios might control production.
This is partly supported by Ding et al. (2004) and Huang et al. (2004) who reported that soil CH,and
N,O emissions were altered by soil DOM and Ny, and Table S2 also confirmed this relationship.
Application of residues with a lower C/N ratio or with a higher C content, leading to more DOM,
would result in more anoxic conditions which are favorable for methanogenesis (Baggs and Blum,
2004). Moreover, Kriger and Frenzel (2003) reported that any agricultural treatments enhancing the N
level would increase the community of CH, oxidizing bacteria and hence decrease CH,; emissions.
These results indicate that higher DOM and lower N, concentrations would result in the highest CH,
emission, which could explain the observed relationships between C/N ratio and CH, EF (Fig. 3). Heal
et al. (1997) explained that residues with a lower C/N ratio decomposed more rapidly and released
more Nnmin, and consequently produced more substrate for N,O production by denitrification (Huang et
al. 2004).

For soil C and N concentrations, our observations are generally consistent with previous studies
suggesting DOC, DON, MBN and N, are negatively correlated to residue C/N ratio under equal
amounts of residue or C, because lower C/N ratio residues always have more N, and are more easily
decomposed (Huang et al. 2004; Rousk and Baath, 2007; Marschner et al. 2015; Ye and Horwath,
2017). However, the C/N ratio-dependent MBC content curve showed that there was an optimum C/N
ratio for the microbial biomass. This may be partly explained by the non-additive synergistic effects of
mixtures (Abouelenien et al. 2014; Chen et al. 2017). Furthermore, the processes of change rules of
DOC, DON and MBC were strongly influenced by residue C/N ratio in N treatments but these were
different from the C treatments. This difference may arise from: a) the different C and N contents: the
effect of residues with higher C content can be greater than that with a lower C/N ratio and lower C
content; and b) the different non-additive effects: there were more non-additive synergistic effects in
the N treatments than that in the C treatments (Fig. 7).

Many studies have shown that effects of mixed residues can not be summarized from the
component species because of the existence of interactive effects (Gartner and Cardon 2004;
Héttenschwiler et al. 2005; Chen et al. 2017). Our results confirmed the predominance of non-additive
effects that arose from residue mixtures influencing soil C and N dynamics (Fig. 5). Overall, for CO,,
CH,, DOC, DON and MBC release or turnover (Fig. 5a, b, d, e and f), synergistic effects were far more
frequent than antagonistic effects, which indicated that residue mixtures were more likely to increase
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these five processes by non-additive effects. Abouelenien et al. (2014) reported that residue mixtures
usually had a more balanced nutrient composition, which would provide a more suitable habitat for
microorganisms, leading to a higher soil respiration and mineralization. However, Fig. 6 showed
different non-additive effects on DOC and DON in the two main treatments. Residue mixtures
probably inhibited the two processes in the C treatment while they were promoted in the N treatment,
with an indication that the quantity of C and N in residue mixtures influences the non-additive effects.

Previous information showed that synergistic effects on nutrient release from residue mixtures
were predominant (Gartner and Cardon 2004; Lecerf et al. 2011). These observations imply that
residue mixtures are more beneficial to improve soil microbial activity than a single residues (Nayono
et al. 2010; Abouelenien et al. 2014), probably resulting in enhanced C mineralization and a lower Eh,
which wuold favor CH,4 production but inhibit N,O emissions (Lou et al. 2004; Ma et al. 2009), which
is consistent with our results. However, our results also provided some contrasts with recent studies.
For instance, Chen et al. (2017) reported that residue-mixing effects on MBN and N, were
non-additives and reported antagonistic effects on the MBC, whereas our work showed the reverse.
These differences may result from: (a) different species of residues used in the incubation; and (b)
different quantities of C or N in residues used in incubation.

In present study, the strength of residue-mixing effects on CO,, CH4, DOC, DON and MBC were
controlled to a large extent by the residue mixture’s C/N ratio (Table 3, Fig.7). Residue mixtures with a
C/N ratio of 25 would have higher CO, emissions and DOC content than those with a C/N ratio of 35,
but lower CH, emissions and MBC contents (Fig. 7). The possible reasons may be: (a) compared to
residue mixtures with a C/N ratio of 35, microbial populations in mixtures with a C/N ratio of 25 are
more likely to have increased access to N pools which in turn will enable soil C mineralization by
non-additive processes; (b) the chemical heterogeneity of residue mixtures with C/N ratios of 25 and 35
may be different, causing different non-additive effects on soil C and N processes (Harguindeguy et al.
2008); and (c) residue mixtures with a C/N ratio of 35 could increase synergistic effects by creating the
optimum conditions for the hydrolysis-acidogenic phase of microorganism growth and reproduction
(Nurliyana et al. 2015). Residues mixtures generally increased the net GHG emissions from soils as a
result of impacts on CO,, CH, and N,O emissions. The C3 and N3 treatments were associated with
the lowest overall GWP mostly as a consequence of the low rates of CO, or N,O emissions occurring
and the high residue C/N ratio. However, future research should explore these explanations by
designing experiments with more C/N ratios to establish wider relationships between residue mixtures
and soil C and N dynamics.

Conclusions

Equal amounts of residue C or N application increased paddy soil CO, and CH, emissions, GWP
and DOC, DON and MBC concentrations, whilst inhibiting N,O emissions. Most of these changes,
including MBN and N», were quantitatively dependent on residue C/N ratio or their absolute C and N
contents. Additionally, non-additive (synergistic and antagonistic) effects of residue mixtures on soil C
and N dynamics occurred frequently; in particular, synergistic effects were more frequent than
antagonistic effects. Residue mixtures generally enhanced the GWP of greenhouse gases emitted from
soil by non-additive synergistic effects. Therefore, non-additive effects impact soil C and N dynamics
and residue C/N ratio may play an important role in influencing non-additive effects through
mechanisms such as priming on soil C and N dynamics. Application of a single residue to paddy soils
may be better than residue mixtures from a GHG mitigation perspective.



384

385
386
387
388

389

390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425

Acknowledgements

This work was supported by China’s Agriculture Research System - Green Manure; the Virtual
Joint Nitrogen Centre (N-Circle; Grant number BB/N013484/1); Science and Technology Innovation
Project of Chinese Academy of Agricultural Sciences (2013-2017); and Chinese Outstanding Talents
Program in Agricultural Science. We wish to thank Dr. Fugen Dou for the revising this manuscript.

References

Abouelenien F, Namba Y, Kosseva MR, Nishio N, Nakashimada Y (2014) Enhancement of methane
production from co-digestion of chicken manure with agricultural wastes. Bioresource
Technol 159:80-87

Baggs EM, Blum H (2004) CH, oxidation and emissions of CH, and N,O from Lolium perenne swards
under elevated atmospheric CO,. Soil Boil Biochem 36:713-723

Bonanomi G, Incerti G, Antignani V, Capodilupo M, Mazzoleni S (2010) Decomposition and nutrient
dynamics in mixed litter of Mediterranean species. Plant Soil 331: 481-496

Brookes PC, Landman A, Pruden G, Jenkinson DS (1985) Chloroform fumigation and the release of
soil nitrogen: a rapid direct extraction method to measure microbial biomass nitrogen in soil.
Soil Boil Biochem 17:837-842

Cai Z, Xing G, Yan X, Hua X, Tsuruta H, Yagi K, Minami K (1997) Methane and nitrous oxide
emissions from rice paddy fields as affected by nitrogen fertilisers and water management.
Plant Soil 196:7-14

Chen Y, Ma S, Sun J, Wang X, Cheng G, Lu X (2017) Chemical diversity and incubation time affect
non-additive responses of soil carbon and nitrogen cycling to litter mixtures from an alpine
steppe soil. Soil Boil Biochem 109:124-134

Chen 'Y, Sun J, Xie F, Wang X, Cheng G, Lu X (2015) Litter chemical structure is more important than
species richness in affecting soil carbon and nitrogen dynamics including gas emissions from
an alpine soil. Biol Fertil Soils 51:791-800

Conrad R, Klose M (2006) Dynamics of the methanogenic archaeal community in anoxic rice soil upon
addition of straw. Eur J Soil Sci 57:476-484

Davidson EA, Eckert RW, Hart SC, Firestone MK (1989) Direct extraction of microbial biomass
nitrogen from forest and grassland soils of California. Soil Boil Biochem 21:773-778

Ding W, Cai Z, Tsuruta H (2004) Methane concentration and emission as affected by methane
transport capacity of plants in freshwater marsh. Water Air Soil Poll 158:99-111

Forster P, Ramaswamy P, Artaxo P, Berntsen T, Betts R, FaheyDW, Haywood J, Lean J, Lowe DC,
Myhre G, Nganga J, Prinn R, Raga G, Schulz M, Dorland RV (2007) Changes in atmospheric
constituents and in radioactive forcing. In: Solomon S, Qin D, Manning M, Chen Z, Marquis
M, Averyt KB, Tignor M, Miller HL (eds) Climate Change 2007: The Physical Science Basis.
Contribution of Working Group | to the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge University Press, Cambridge, pp 129 - 234

Gartner TB, Cardon ZG (2004) Decomposition dynamics in mixed-species leaf litter. Oikos 104:
230-246

Hagedorn F, Saurer M, Blaser P (2004) A *3C tracer study to identify the origin of dissolved organic
carbon in forested mineral soils. Eur J Soil Sci 55:91-100

Hansen V, Muller-Stover D, Imparato V, Krogh PH, Jensen LS, Dolmer A, Hauggaard-Nielsen H



426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

(2017) The effects of straw or straw-derived gasification biochar applications on soil quality
and crop productivity: A farm case study. J Environ Manage186:88-95

Harguindeguy NP, Blundo CM, Gurvich DE, Diaz S, Cuevas E (2008) More than the sum of its parts?
Assessing litter heterogeneity effects on the decomposition of litter mixtures through leaf
chemistry. Plant Soil 303:151-159

Héttenschwiler S, Tiunov AV, Scheu S (2005) Biodiversity and litter decomposition in terrestrial
ecosystems. Annu Rev Ecol Evol S 36:191-218

Heal OW, Anderson JM, Swift MJ (1997) Plant litter quality and decomposition: an historical overview.
In: Cadisch G, Giller KE. (Eds.), Driven by Nature: Plant Litter Quality and Decomposition,
CAB International, Wallingford, Oxfordshire, pp 3-30

Hoorens B, Aerts R, Stroetenga M (2003) Does initial litter chemistry explain litter mixture effects on
decomposition?. Oecologia 137:578-586

Huang Y, Zou J, Zheng X, Wang Y, Xu X (2004) Nitrous oxide emissions as influenced by amendment
of plant residues with different C:N ratios. Soil Boil Biochem 36:973-981

IPCC (2000) Good Practice Guidance and Uncertainty Management in National Greenhouse Gas
Inventories, IGES, Tokyo, pp 4.53-4.76

Jensen LS, Salo T, Palmason F, Breland TA, Henriksen TM, Bo S, Pedersen A, Lundstrém C Esala M
(2005) Influence of biochemical quality on C and N mineralisation from a broad variety of
plant materials in soil. Plant Soil, 273:307-326

Jiang J, Li Y, Wang M, Zhou C, Cao G, Shi P, Song M (2013) Litter species traits, but not richness,
contribute to carbon and nitrogen dynamics in an alpine meadow on the Tibetan Plateau. Plant
Soil 373:931-941

Kalbitz K, Solinger S, Park JH, Michalzik B, Matzner E (2000) Controls on the dynamics of dissolved
organic matter in soils: a review. Soil Sci 165:277-304

Kimura M, Murase J, Lu Y (2004) Carbon cycling in rice field ecosystems in the context of input,
decomposition and translocation of organic materials and the fates of their end products (CO,
and CH,). Soil Boil Biochem 36:1399-1416

Kludze HK, DelLaune RD, Patrick WH (1993) Aerenchyma formation and methane and oxygen
exchange in rice. Soil Sci Soc Am J 57:386-391

Kriger M, Frenzel P (2003) Effects of N-fertilisation on CH,, oxidation and production, and
consequences for CH,, emissions from microcosms and rice fields. Global Change Biol
9:773-784

Lecerf A, Marie G, Kominoski JS, Leroy CJ, Bernadet C, Swan CM (2011) Incubation time, functional
litter diversity, and habitat characteristics predict litter-mixing effects on decomposition.
Ecology 92:160-169

Liu C, Lu M, Cui J, Li B, Fang C (2014) Effects of straw carbon input on carbon dynamics in
agricultural soils: a meta—analysis. Global Change Biol 20:1366-1381

Lou Y, Li Z, Zhang T, Liang Y (2004) CO, emissions from subtropical arable soils of China. Soil Boil
Biochem 36:1835-1842

Lu R (2000) Methods for Soil Agrochemistry Analysis. China Agricultural Science and Technology
Press, Beijing, pp 106-310 (in Chinese)

Ma J, Ma E, Xu H, Yagi K, Cai Z (2009) Wheat straw management affects CH, and N,O emissions
from rice fields. Soil Boil Biochem 41:1022-1028

Makkonen M, Berg MP, Van Logtestijn RSP, Van Hal JR, Aerts R (2013) Do physical plant litter traits


https://www.researchgate.net/scientific-contributions/17860387_Anders_Pedersen
https://www.researchgate.net/profile/Christina_Lundstroem
https://www.researchgate.net/profile/Martti_Esala

470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513

explain non-additivity in litter mixtures? A test of the improved microenvironmental
conditions theory. Oikos 122:987-997

Marschner P, Hatam Z, Cavagnaro TR (2015) Soil respiration, microbial biomass and nutrient
availability after the second amendment are influenced by legacy effects of prior residue
addition. Soil Boil Biochem 88:169-177

Meier CL, Bowman WD (2010) Chemical composition and diversity influence non-additive effects of
litter mixtures on soil carbon and nitrogen cycling: implications for plant species loss. Soil
Boil Biochem 42:1447-1454

Mungai NW, Motavalli PP (2006) Litter quality effects on soil carbon and nitrogen dynamics in
temperate alley cropping systems. Appl Soil Ecol 31:32-42

Nayono SE, Winter J, Gallert C (2010) Anaerobic digestion of pressed off leachate from the organic
fraction of municipal solid waste. Waste Manage 30:1828-1833

Ndegwa PM, Thompson SA (2000) Effects of C-to-N ratio on vermicomposting of biosolids.
Bioresource Technol 75: 7-12

Nurliyana MY, H’Ng PS, Rasmina H, Kalsom MSU, Chin KL, Lee SH, Lum WC, Khoo GD (2015)
Effect of C/N ratio in methane productivity and biodegradability during facultative
co-digestion of palm oil mill effluent and empty fruit bunch. Ind Crop Prod 76:409-415

Parnas H (1976) A theoretical explanation of the priming effect based on microbial growth with two
limiting substrates. Soil Boil Biochem 8:139-144

Recous S, Robin D, Darwis D, Mary B (1995) Soil inorganic N availability: effect on maize residue
decomposition. Soil Boil Biochem 27:1529-1538

Redin M, Recous S, Aita C, Dietrich G, Skolaude AC, Ludke WH, Schmatz R, Giacomini SJ (2014)
How the chemical composition and heterogeneity of crop residue mixtures decomposing at the
soil surface affects C and N mineralization. Soil Boil Biochem 78:65-75

Rousk J, Baath E (2007) Fungal and bacterial growth in soil with plant materials of different C/N ratios.
Fems Microbiol Ecol 62:258-67

Sinsabaugh RL, Carreiro MM, Repert DA (2002) Allocation of extracellular enzymatic activity in
relation to litter composition, N deposition, and mass loss. Biogeochemistry 60:1-24

Soussana JF, Lemaire G (2014) Coupling carbon and nitrogen cycles for environmentally sustainable
intensification of grasslands and crop-livestock systems. Agr Ecosyst Environ 190:9-17

Tardif A, Shipley B (2015) The relationship between functional dispersion of mixed-species leaf litter
mixtures and species' interactions during decomposition. Oikos 124:1050-1057

Wang Y, Liu X, Butterly C, Tang C, Xu J (2013) pH change, carbon and nitrogen mineralization in
paddy soils as affected by chinese milk vetch addition and soil water regime. J Soil Sediment
13:654-663

Weier KL, Doran JW, Power JF, Walters DT (1993) Denitrification and the dinitrogen/nitrous oxide
ratio as affected by soil water available carbon and nitrate. Soil Sci Soc Am J 57:66-72

Ye R, Horwath WR (2017) Influence of rice straw on priming of soil C for dissolved organic C and
CH, production. Plant Soil 417:1-11

Zhu L, Hu N, Yang M, Zhan X, Zhang Z (2014) Effects of different tillage and straw return on soil
organic carbon in a rice-wheat rotation system. Plos One 9:e88900



514 Table 2 Two-way ANOVA for CO,, CH, and N,O fluxes, DOC, DON, MBC, MBN and N, between
515 different treatments and incubation times. DOC, dissolved organic carbon; DON, dissolved organic
516 nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; N», mineral nitrogen.

Sources SS daf F P
%CO,

Treatments 49699.20 7 252.13  <0.0001
Incubation time 12392.11 21 337.06 <0.0001
Treatments x Incubation time 25307.47 147 24.52 <0.0001
%CH,?

Treatments 418.48 7 2339.98 <0.0001
Incubation time 69.60 16 170.26  <0.0001
Treatments x Incubation time  279.24 112 97.59 <0.0001
%N,0

Treatments 4.72 7 155.00 <0.0001
Incubation time 98.01 21 1072.26 <0.0001
Treatments x Incubation time  19.56 147 30.57 <0.0001
%DOC

Treatments 13910796 7 228.19  <0.0001
Incubation time 131851.08 10 151.40 <0.0001
Treatments x Incubation time 111398.07 70  18.27 <0.0001
%DON

Treatments 17599.49 7 375.08  <0.0001
Incubation time 14630.41 10 218.26  <0.0001
Treatments x Incubation time 11932.62 70 25.43 <0.0001
%MBC

Treatments 17095998 7 259.08  <0.0001
Incubation time 2165695.68 10 2297.40 <0.0001
Treatments x Incubation time  149650.97 70 22.68 <0.0001
%MBN

Treatments 8185.52 7 107.54  <0.0001
Incubation time 56987.60 10 524.08 <0.0001
Treatments x Incubation time 5128.26 70 6.74 <0.0001
%N min

Treatments 180902.64 7 539.48  <0.0001
Incubation time 538260.26 10 1123.63 <0.0001

Treatments x Incubation time 65196.60 70 19.44 <0.0001

517 8 Temporal dynamics in CH, fluxes was analyzed when all treatments emitted methane.
518
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Table 3 Two-way ANOVA of the interaction between treatments and C/N ratios on the strength of
residue-mixing effects for cumulative CO,, CH, and N,O emissions, GWP, DOC, DON, MBC, MBN
and N, concentrations at the end of the incubation. GWP, global warming potentials; DOC, dissolved
organic carbon; DON, dissolved organic nitrogen; MBC, microbial biomass carbon; MBN, microbial
biomass nitrogen; Ny,, mineral nitrogen.

Sources SS df F P
%CO,

C/N ratio (R) 0.0126 1 29.66 0.0001
Treatment (T) 0.0097 1 22.75 0.0005
RxT 0.0000 1 0.01 0.9395
%CH,

C/N ratio (R) 0.1252 1 155.35  <0.0001
Treatment (T) 0.0524 1 65.01 <0.0001
RxT 0.1489 1 184.70 <0.0001
%N,0

C/N ratio (R) 0.0252 1 2.50 0.1395
Treatment (T) 0.0005 1 122.40 <0.0001
RxT 0.0223 1 108.25 <0.0001
%GWP

C/N ratio (R) 0.0034 1 2.84 0.1179
Treatment (T) 0.0027 1 2.24 0.1602
RxT 0.0148 1 12.32 0.0043
%DOC

C/N ratio (R) 0.0367 1 108.28 <0.0001
Treatment (T) 0.1204 1 355.40 <0.0001
RxT 0.0015 1 4.42 0.0573
%DON

C/N ratio (R) 0.0003 1 0.06 0.00151
Treatment (T) 0.0122 1 2.47 <0.0001
RxT 0.1325 1 26.93 0.0766
%MBC

C/N ratio (R) 0.0008 1 5.97 0.0491
Treatment (T) 0.0002 1 0.91 0.0048
RxT 0.0033 1 16.62 0.4441
%MBN

C/N ratio (R) 0.0031 1 3.49 0.0862
Treatment (T) 0.0102 1 11.62 0.0052
RxT 0.0091 1 10.36 0.0074
%N min

C/N ratio (R) 0.0003 1 1.04 0.3278
Treatment (T) 0.0014 1 5.69 0.0344
RxT 0.0094 1 38.12 <0.0001
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Figure legends

Fig. 1 Emissions of CO, (a), CH, (b) and N,O (c) under different residue treatments. CK, control; C1,
C2, C3 and C4, with equal amounts of C and at different C/N ratios; N1, N2, N3 and N4, with equal
amounts of N and at different C/N ratios. The vertical bars represent standard error (n=3).

Fig. 2 Concentrations of soil DOC (a), DON (b), Nmin (c), MBC (d) and MBN (e) under different
residue treatments. DOC, dissolved organic carbon; DON, dissolved organic nitrogen; MBC, microbial
biomass carbon; MBN, microbial biomass nitrogen; N..,, mineral nitrogen; CK, control; C1, C2, C3
and C4, with equal amounts of C and at different C/N ratios; N1, N2, N3 and N4, with equal amounts
of N and at different C/N ratios. The vertical bars represent standard error (n=3).

Fig. 3 Dependence of CO, (a), CH,4 (b) and N,O (c) emission fractions on residue C/N ratio. EF¢: CO,,
CHj, or N,O emission fraction in the equal C treatments; EFy: CO,, CH,4 or N,O emission fraction in
the equal N treatments.

Fig. 4 Dependence of DOC (a), DON (b), MBC (c), MBN (d) and N, (€) on residue C/N ratio. DOC,
dissolved organic carbon; DON, dissolved organic nitrogen; MBC, microbial biomass carbon; MBN,
microbial biomass nitrogen; Nyi,, mineral nitrogen.

Fig. 5 Observed vs expected values of CO, (a), CH, (b), N,O (c) fluxes, DOC (d), DON (e), MBC (f),
MBN (g) and Npin (h) concentrations in the residue mixture treatments across the whole incubation
time. Red symbols are indicative of statistically significant non-additive effects, and black symbols
imply additive effects. DOC, dissolved organic carbon; DON, dissolved organic nitrogen; MBC,

microbial biomass carbon; MBN, microbial biomass nitrogen; N, mineral nitrogen.
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Fig. 6 Average values of the strength of residue-mixing effects for CO,, CH4 and N,O fluxes, DOC,
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DON, MBC, MBN and N, concentrations in C (a) and N (b) treatments throughout the incubation
period. DOC, dissolved organic carbon; DON, dissolved organic nitrogen; MBC, microbial biomass
carbon; MBN, microbial biomass nitrogen; N, mineral nitrogen. * indicates that the difference

between zero and non-additive effect is significant (P<0.05); n.s. = no significant.
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Fig. 7 Relationship between treatments and the strength of residue-mixing effects for cumulative CO,
(@), CH, (b) and N,O (c) emissions, GWP (d), DOC (e), DON (f), MBC (g), MBN (h) and N, (i)
concentrations at the end of the incubation. The point positively departs from zero level meaning
synergistic effects, negatively departs from zero level meaning antagonistic effects. GWP, global
warming potentials, DOC, dissolved organic carbon; DON, dissolved organic nitrogen; MBC,
microbial biomass carbon; MBN, microbial biomass nitrogen; N, mineral nitrogen.

Table S1 Changes in cumulative CO,, CH, and N,O emissions, DOC, DON, MBC, MBN and Ny,
concentrations under application residue and two-way ANOVA of the interaction between treatments
and C/N ratios on cumulative CO,, CH, and N,O emissions, DOC, DON, MBC, MBN and Np,
concentrations. The averages followed by the same letter in the same column are not significantly
different (Duncan’s test, P < 0.05), “-” indicates that CO,, CH4, N,O, DOC, DON, MBC, MBN and
Nmin Were not significantly affected by treatments, trial, or their interaction at the P < 0.05 level. DOC,



581 dissolved organic carbon; DON, dissolved organic nitrogen; MBC, microbial biomass carbon; MBN,
582 microbial biomass nitrogen; Nyi,, mineral nitrogen

GWP
Treatment — co, CH, N;O (mg CO, poc DON MBC MBN Nonin
(mgkg")  (mgkg’) (ngkg’) equivalents  (mgkg®)  (mgkg®) (mgkg®) (mgkg')  (mgkg?)
kg™)

Equal C cK 874.54 ¢ 2.70¢ 4685a  956.04d 108.81d 2517d  43090d  64.66cd  222.07d
c1 117582a  2535b  39.03b  1821.07b  13143ab  4417a  47619a  7384a  279.04a
c2 1159242  2532b  3594c  1802.83b  126.60bc  38.24b  449.15¢  68.06b  250.37b
c3 107518b  3372a  3574c  1928.82a  12357c 3559c  460.64b  66.62bc  241.80¢C
ca 107333b  2468b  31.29d  1699.65c  13390a  3541c  460.61b  62.74d  213.77e

Equal N cK 874.54 2.70e 4685a  956.04e 108.81e 2517¢c  43090c  64.66b  222.07d
N1 117582d  2525d  39.03b  1821.07d  131.43d  4417b  47619b  7384a  279.04a
N2 142101c  60.916c  350lc  295435c  14450c  4523ab  480.35b  73.92a  248.83b
N3 167467b  111.25b  2914d  446459b  160.99b  47.56a  497.58a  77.12a  23357c
N4 227925a  21962a  2553e  777.43a 17461a  4597ab  499.06a  7630a  196.43e

Two-way ANOVA  Treatment (T) ~ <0.0001  <0.0001  <0.0001  <0.0001 <00001  <0.0001  <0.0001  -<0.0001 -
CIN ratio (R) <0.0001 <0000  <0.0001  <0.0001 <0.0001 0.0193 - - <0.0001
TxR <0.0001  <0.0001  <0.0001  <0.0001 <0,0001 0.0004 - - -
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