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Abstract: The management and improvement of paddy soils fertility are key factors for the future
capacity of rice production. The return of rice straw to paddy soils is the best alternative to the
application of industrial fertilizers for rice production sustainability. The best strategy for applying
rice straw to improve soil nutritional capacity during rice growth has not yet been investigated.
We compared straw decomposition in the ditches and ridges in paddy fields subjected to a typical
crop management in southeastern China. Straw spread on the ridges provided lower residual straw
carbon (C) concentration and mass, lower nitrogen:phosphorus ratio N:P, C:N, and C:P ratios, and
lower soil salinity, as well as higher temperature, and higher N- and P-release capacity during the rice
crop in comparison to the straw spread in the ditches. Therefore, applying rice straw to the ridges is
better strategy than applying it to ditches to enhance rice production.

Keywords: China; decomposition; habitats; nitrogen; nutrient release; paddy field; phosphorus;
rice straw; stoichiometry

1. Introduction

Rice is one of the most important food crops globally, with more than half of the world population
fed with rice [1]. Global rice production is projected to increase from 473 million tonnes in 1990 to
at least 781 million tonnes by 2020 [2]. Paddy fields in China account for 23% of all cultivated land
and nearly 20% of the global rice production [3]. High doses of chemical fertilizers have been used
in rice cultivation to increase production in order to meet the increasing demand [4]. The long-term
use of chemical fertilizers, however, acidifies the soil and compromises the sustainability of paddy
production [5]. The excessive use of fertilizers also increases the risk of pollution [6] and may generate
nutrient imbalances in soils and crops, particularly between nitrogen (N) and phosphorus (P) [7].
The use of green fertilizers such as farmyard manure [8] and crop straw [9] has been strongly promoted
in recent years as substitutes for, or to reduce the use of, industrial fertilizers in an effort to develop a
more sustainable rice production. The return of crop straw has particularly been promoted, because
straw is an economical and important source of organic matter and nutrients [10]. The biotic and abiotic
decomposition of straw cellulose and hemicellulose releases N, P, and potassium [11]. The application
of straw can also increase soil carbon (C) storage [12] to help mitigate global climate change [13].
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Straw is currently returned to farmland soil after harvesting, but this practice of soil fertilization
and amendment can be problematic. If rice straw decomposes slowly, its residual presence can impede
the growth of rice shoots after transplantation to paddies [14] and can affect the total production of
the paddies. Optimal strategies for straw application must thus be determined for sustaining nutrient
supplies for rice growth and for reducing the inhibition of rice seedlings [15]. Various practices of
straw application and incorporation into the soil have been tested, including incorporation with tillage
at different depths [16], various proportions of straw incorporation with conventional fertilizers [17],
and straw incorporation combined with water-management strategies [10]. These practices, however,
have not accounted for the different properties of paddy ridges and ditches.

Plant growth in Chinese wetlands is generally N limited [18]. Nutrient limitation is especially
significant in paddy fields, likely because the periodic inundation of the soil limits the access of plants
to soil nutrients by the effects of anoxia on root growth [19], the reduction of mineralization rates [20],
and the increase in leaching, particularly of N [21]. Rice and vegetable crops are commonly rotated in
many provinces of China, such as Fujian, Jiangxi, and Zhejiang. Studying the relationship between
crop rotation and the return of rice straw is thus very important. The cultivation of a vegetable crop
after a late rice harvest usually requires the construction of a ridge and ditch structure on the soil
surface, which potentially generates two different microenvironments where rice straw can be applied.
The decomposition of the straw and the release of nutrients will thus likely differ between these
microenvironments due to potential differences in soil temperature and salinity, but these differences
are not yet known. The elucidation of these unknowns could substantially improve rice production
with sustainable practices. In southern China, the common practice consists of growing one crop
in each of three growing seasons, including two successive rice crops (early and late) followed by a
vegetable (lettuce) crop, with intervening periods of drainage [22]. This management is applied to 56%
of the 0.3 million km2 of China rice croplands [3]. This management system with rotation systems is
also widely used in all South Asia, mainly in sites with a pronounced dry season. Thus, a change in
rice straw management to improve fertilization has great potential for enhancing rice production.

This study determined (i) the changes in the C:N:P stoichiometry and mass of the residual
rice straw and their relationships with other soil variables (temperature, pH, and salinity) during
decomposition in the ridges and ditches, and (ii) the capacity of the straw applied at the beginning of
the crop rotational cycle to release N and P in the ridges and ditches during rice growth.

2. Results

2.1. Straw Mass Remaining, Nutrient Concentration and Stoichiometry, and Soil Traits

During the straw-decomposition experiment, the proportion of the mass of the straw that
remained in the nylon bag, the straw nutrient concentrations, the straw stoichiometry, the proportion
of residual nutrients in the straw, and the soil traits all varied seasonally, apart from P concentration
and soil pH and salinity (Figures 1, 2 and A2, Tables A1 and A2). The rate of loss of straw mass was
highest during the vegetable crop, with similar residual masses in the ridges and ditches (Figure 2).
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Figure 1. Variation in carbon (C) (A); nitrogen (N) (B); and phosphorus (P) (C) concentrations and 

C:N (D); C:P (E); and N:P ratios (F) during rice straw decomposition. Statistically significant 

differences (p < 0.5) between ridges and ditches in each sampling date are highlighted with (*). 

Figure 1. Variation in carbon (C) (A); nitrogen (N) (B); and phosphorus (P) (C) concentrations and C:N
(D); C:P (E); and N:P ratios (F) during rice straw decomposition. Statistically significant differences
(p < 0.5) between ridges and ditches in each sampling date are highlighted with (*).
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Figure 2. Residual straw mass during rice straw decomposition. Statistically significant differences (p 

< 0.5) between ridges and ditches in each sampling date are highlighted with (*). 

Soil salinity also varied considerably between the ridge and ditch habitats along all the studied 

periods, and soil temperature was higher in ridges than ditches during the rice crop period (Figure 

A2). Soil temperature, straw N concentration, straw P concentration, and the proportion of residual 

P in the straw were higher in the ridges than the ditches (Figures 1, 3, and A2), but soil salinity, straw 

C concentration, C:N ratio, C:P ratio, N:P ratio, and the proportion of residual C in the straw were 

lower in the ridges than the ditches (Figure 1, Tables A1 and A2). The interactions between period 

and habitat also differed significantly for most variables, with the exception of straw stoichiometry. 

Also, the fast loss of 50% of the straw mass in the first 30 days of decomposition was observed. 

Figure 2. Residual straw mass during rice straw decomposition. Statistically significant differences
(p < 0.5) between ridges and ditches in each sampling date are highlighted with (*).

Soil salinity also varied considerably between the ridge and ditch habitats along all the studied
periods, and soil temperature was higher in ridges than ditches during the rice crop period (Figure A2).
Soil temperature, straw N concentration, straw P concentration, and the proportion of residual P in
the straw were higher in the ridges than the ditches (Figures 1, 3 and A2), but soil salinity, straw
C concentration, C:N ratio, C:P ratio, N:P ratio, and the proportion of residual C in the straw were
lower in the ridges than the ditches (Figure 1, Tables A1 and A2). The interactions between period
and habitat also differed significantly for most variables, with the exception of straw stoichiometry.
Also, the fast loss of 50% of the straw mass in the first 30 days of decomposition was observed.Agronomy 2017, 7, 84  5 of 21 
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N contents and 9% of the initial P contents, whereas the straw applied to the ditches released 8% of 

the initial N contents and 2% of the initial P contents (Figure 4).  

Figure 3. The dynamic changes of residual carbon (C) (A); residual nitrogen (N) (B); and residual
phosphorus (P) (C) concentrations during rice straw decomposition. Statistically significant differences
(p < 0.5) between ridges and ditches in each sampling date are highlighted with (*).
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2.2. Residual Straw Mass and Nutrients, Nutrient Release, and Influencing Factors

The mass of the straw that remained in the nylon bag (% of the initial content) was correlated
negatively with soil temperature (R = −0.85, p < 0.001), straw N concentration (R = −0.88, p < 0.001),
and straw N:P ratio (R = −0.36, p = 0.006), and positively with soil salinity (R = 0.32, p = 0.014), straw
C concentration (R = 0.53, p < 0.001), straw C:N ratio (R = 0.86, p < 0.001), and straw C:P ratio (R = 0.28,
p = 0.025) (Table A3).

The proportions of residual C, N, and P in the straw (% of the initial content) were correlated
negatively with temperature (R = −0.86, p < 0.001; R = −0.72, p < 0.001; R = −0.62, p < 0.001;
respectively), straw N concentration (R = −0.90, p < 0.001; R = −0.69, p < 0.001; R = −0.51, p < 0.001;
respectively), and straw N:P ratio (R = −0.28, p = 0.025; R = −0.33, p = 0.010; R = −0.77, p < 0.001;
respectively), but positively with the proportion of residual mass (R = 0.99, p < 0.001; R = 0.93,
p < 0.001; R = 0.76, p < 0.001; respectively) and straw C:N ratio (R = 0.90, p < 0.001; R = 0.67, p < 0.001;
R = 0.43, p = 0.001; respectively) (Table A3). The proportion of residual C and N in the straw were
positively correlated with soil salinity (R = 0.35, p = 0.008; R = 0.31, p = 0.016; respectively) and straw C
concentration (R = 0.62, p < 0.001; R = 0.47, p < 0.001; respectively). The proportion of residual C in
the straw was negatively correlated with straw P concentration (R = −0.23, p = 0.019). The proportion
of residual N in the straw was positively correlated with litter P concentration (R = 0.43, p = 0.001).
Finally, the straw C:P ratio was correlated positively with the proportion of residual C in the straw
(R = 0.38, p = 0.004), but negatively with the residual N in the straw (R = −0.36, p = 0.006).

More N and P were released during the rice crop (% of the initial content) from the straw in the
ridges than from the straw in the ditches; the straw applied to the ridges released 18% of the initial N
contents and 9% of the initial P contents, whereas the straw applied to the ditches released 8% of the
initial N contents and 2% of the initial P contents (Figure 4).Agronomy 2017, 7, 84  6 of 21 
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Figure 4. Comparison of nitrogen (N) and phosphorus (P) release during rice growth. Different letters 

mean statistical differences (p < 0.05) of the corresponding variables between ridges and bridges.  

2.3. Multivariate Analyses 

We performed multivariate statistical analyses by using general discriminant analysis (GDA) to 

determine the overall differences between the ridges and ditches in the changes of total soil C, N, and 

P concentrations; soil C:N, C:P, and N:P ratios; straw mass; residual C, N, and P concentrations; and 

soil salinity, pH, and temperature during straw decomposition. We used sampling day as an 

independent categorical variable and habitat as the categorical dependent variable. GDA is an 

appropriate tool for identifying the variables most responsible for the differences among groups 

while controlling the component of the variance due to other categorical variables (see Materials and 

Methods). This analysis indicated statistical differences among the variables between the ditches and 

ridges (Figure A3, Table A4).  
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and C:N, C:P, and N:P ratios throughout the study period as functions of the habitat and the other 

soil traits. This analysis provides information on the direct, indirect, and total effects of the variables 

(see Materials and Methods). The structural model that best represented the variance of the residual 

mass of straw in the litter bags contained habitat and soil temperature, through the direct and indirect 

effects on either straw N:P or straw C:N (Figure 5). The best structural model for P concentration 

contained habitat and soil salinity (R2 = 0.78) (Figure 6), and the best structural models for C and N 

concentrations contained habitat and soil temperature (Figure 6).  

Figure 4. Comparison of nitrogen (N) and phosphorus (P) release during rice growth. Different letters
mean statistical differences (p < 0.05) of the corresponding variables between ridges and bridges.

2.3. Multivariate Analyses

We performed multivariate statistical analyses by using general discriminant analysis (GDA) to
determine the overall differences between the ridges and ditches in the changes of total soil C, N,
and P concentrations; soil C:N, C:P, and N:P ratios; straw mass; residual C, N, and P concentrations;
and soil salinity, pH, and temperature during straw decomposition. We used sampling day as an
independent categorical variable and habitat as the categorical dependent variable. GDA is an
appropriate tool for identifying the variables most responsible for the differences among groups
while controlling the component of the variance due to other categorical variables (see Materials and
Methods). This analysis indicated statistical differences among the variables between the ditches and
ridges (Figure A3, Table A4).
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2.4. SEM

We used structural equation modeling (SEM) to analyze the factors explaining the maximum
variability of the biomass; residual straw C, N, and P concentrations; soil C, N, and P concentrations;
and C:N, C:P, and N:P ratios throughout the study period as functions of the habitat and the other
soil traits. This analysis provides information on the direct, indirect, and total effects of the variables
(see Materials and Methods). The structural model that best represented the variance of the residual
mass of straw in the litter bags contained habitat and soil temperature, through the direct and indirect
effects on either straw N:P or straw C:N (Figure 5). The best structural model for P concentration
contained habitat and soil salinity (R2 = 0.78) (Figure 6), and the best structural models for C and N
concentrations contained habitat and soil temperature (Figure 6).Agronomy 2017, 7, 84  7 of 21 
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Figure 5. Diagrams of the structural equation models that best explained the maximum variance
of the residual mass (RSM) with habitat (ridges and ditches) and soil traits as exogenous factors
and the elemental composition and stoichiometric variables of the straw as endogenous variables.
MRe, residual mass. Positive relationships are indicated by blue arrows and negative relationships
with red arrows.
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3. Discussion

3.1. The Impacts of Different Methods of Straw Application on Straw Decomposition

The straw mass loss for the two straw treatments was high during the first 30 days of the
experiment (approximately 50%). This result is consistent with a previous study reporting that
water-soluble substances and easily soluble carbohydrates are rapidly leached and degraded in the
first weeks of plant litter decomposition [23]. In our experiment, nutrient concentrations changed
with decomposition time. The negative correlation between the residual mass and nutrient (N and P)
concentrations suggested that N and P were not limiting for the decomposition by soil microorganisms
during the first 30 days. Winter at the study site, however, began 30 days after the application of the
straw. The decrease in temperatures coincided with the observed slowing of straw decomposition.
In spring, after the first 120 days of decomposition, litter mass loss remained constant, despite the
fact that this period coincided with a gradual increase in temperatures. These low rates of straw
decomposition may also in part be due to the accumulation of lignin, cellulose, and other recalcitrant
substances in the straw [24].
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The straw decomposition rate was higher in the ditches than the ridges during the first 10 days,
which may have been due to the initial higher impacts on the ridges of the plastic sheeting covering
the ridges at the beginning of the vegetable crop.

3.2. The Variability of C, N, and P Concentrations and C:N:P Stoichiometry during Straw Decomposition

Several studies have also shown that the N:P ratio is an important factor during litter
decomposition and can provide information on the most limiting nutrient [25]. The relative demand of
a nutrient during decomposition, such as C, N, and P, may control the stoichiometric C:N:P dynamics
in decomposing litter [26]. In our study, the residual straw mass was not significantly correlated with P
concentration, but was negatively and significantly correlated with the N:P ratio. This result suggested
that straw decomposition is N limited in this area, consistent with the low N:P ratios of soils at this
study site, around 1.1 in mass basis, when the global average reported by Cleveland and Liptzin [27]
is 5.9, and further suggesting a general N limitation in this ecosystem that may be associated with
higher N than P uptake by decomposers. Soil total N and P concentrations at this site were reported as
1.2 and 1.1 mg g−1, respectively [28].

Wang et al. [29] also reported a similar molar N:P ratio of 2.42 in the soils of other ecosystems in
the same wetland where the studied rice crop was located. This ratio is much lower than the average
of 28 for various wetlands around the world [30], providing strong evidence of the N limitation of this
wetland. Moreover, the P concentration in the straw varied more than the C and N concentrations
during decomposition, similar to the litter decomposition in a natural wetland in the same area [31].
Indeed, changes in nutrient levels during litter decomposition have been associated with a large
variation in microbial P contents [32].

The N and especially the P concentrations of the straw located on ridges tended to be higher in
ridges than in ditches during the first 120 days of decompositions. In the more aerobic environment
of ridges, P is proportionally more retained than N in straw in comparison with the more anaerobic
environment of ditches. The application of straw on ridges thus tended to release decomposition
products with a higher N:P ratio than the application of straw in ditches. This result was consistent
with the proposal that organisms in a medium poor in N should invest more effort to take up the
limiting element to maintain a more equilibrated N:P ratio [33]. Organisms will release or absorb
nutrients to or from the environment to maintain an optimum stoichiometry of C, N, P, and other
elements [33]. The rate of litter decomposition in the first 120 days was higher in the well-oxygenated
and warmer ridge habitats than in the ditch habitats. The ridges had more favorable environmental
conditions (temperature, oxygen, and salinity) for increasing the nutrient-use efficiency, carbon use,
and respiration, so more C can be used without the need for as much N and P [34]. Water conditions
were quite different between ridges and ditches during vegetable growth; the decomposition of rice
straw was more aerobic in the ridges than in the ditches. Water conditions (time of flooding and
soil water content) were also underlying the differences in temperature and salinity between ridges
and ditches. So, the differences in straw decomposition observed in the study may mainly result
from the different water status between ridges and ditches. The higher temperatures of the ridges
were in fact correlated with lower litter C:N ratios and higher N concentrations. This trend was
not observed for litter P concentration, which, in contrast, was negatively correlated with salinity.
Similar results have been reported in the decomposition of Kandelia candel litter under different salinity
conditions in laboratory experiments, with lower litter P concentrations occurring under conditions
of high salinity [35]. Consistent with these results and within the framework of the Growth Rate
Hypothesis [33], environments with high salinity should favor microbial communities with high N:P
demands, so P should be released from litter more slowly than other nutrients, such as C and N.
The evolution of C and N concentrations and contents in litter during decomposition should thus be
more dependent than litter P concentration on environmental factors such as temperature or salinity
that affect soil microorganisms.
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The straw in the ridges thus had lower C:N and C:P ratios and less residual mass at the beginning
of the rice crop (120 days after straw application). These results were consistent with the higher
release of N and P during the rice crop (120–210 days of decomposition), because the highest rates
of decomposition and soil respiration of organic matter are correlated with lower C:N and C:P ratios
under the same environmental conditions [36]. The C:N and C:P ratios of the straw in the ridges
during the rice crop, however, tended to converge with those of straw in the ditches, which were
correlated with the higher release of N and P from straw in the ridges. These results are consistent
with the long-term decomposition of different types of litter under similar environmental conditions
reported by a previous study [37].

In summary, the release of nutrients from the straw differed between the ridges and ditches due
to the different environmental conditions of these two habitats. Carbon release was higher, whereas N
and P release and released C:N, C:P and N:P ratios from straw were lower in the ridges than in the
ditches at the beginning of the decomposition period during the vegetable crop and the first fallow
period. The straw in the ridges thereafter released more N and P during the rice crop. The application
of straw on the ridges thus allowed a better release of N and P during the rice crop and produced less
residual straw mass than the application of straw in the ditches. Both of these factors can enhance
rice growth.

4. Materials and Methods

4.1. Study Site

All field experiments were performed in the Wufeng Agronomy Field of the Fujian Academy
of Agricultural Sciences (26.1◦ N, 119.3◦ E; Figure 7) in subtropical southeastern China. This field
was managed following the common practice of growing one crop in each of three growing seasons,
including two successive rice crops (early and late) followed by a vegetable (lettuce) crop, with
intervening periods of drainage [22]. The early rice crop is grown from March-April to June-July, the
late rice crop is grown from July-August to November-December, and the vegetable crop is grown
from November–December to February-March. During this last period ditches are flooded during
some periods, whereas ridges are never flooded. Moreover, during this period plastic sheeting is
used to cover the ridges but not the ditches. This practice increases the temperature and reduces the
weed impact, thus improving the vegetable growth. Chemical fertilizer (N, P2O5, and K2O at a rate of
200, 158, and 141 kg ha−1, respectively) was applied once to the vegetable crop on 17 December 2011.
Fertilizer was applied to dry soil. The other two additional fertilizations were applied to flooded
water. Chemical fertilizers were applied in three splits with different nutrient loadings using a mix
of complete fertilizer (N:P2O5:K2O = 16%:16%:16%, Keda Fertilizer Co., Ltd., Jingzhou, China) and
urea fertilizers (46% N). Chemical fertilizer (including N, P2O5, and K2O at a rate of 95, 70, and
70 kg ha−1, respectively) was applied to the rice crops before transplantation, at the tillering stage, and
at the panicle-formation stage. The three dates of fertilization were 8 April 2012, 20 April 2012, and
12 June 2012. The field was ploughed to a depth of 15 cm with a moldboard plow. The plough dates
for the vegetable crop and the early rice crop were 10 December 2011 and 8 April 2012. The rice variety
was Hesheng 10, which is the rice variety commonly cultivated in southeast China, and the lettuce
variety was Kexing 5, also frequently used in southeast China. The spacing between individual plants
was 14 × 28 and 40 × 60 cm, respectively.
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The soil of the paddy field was moist, poorly drained, and had a sand:silt:clay content of 28:60:12 [28].
The bulk density of the soil prior to this study was 1.1 g cm−3. The soil pH (1:5 with H2O) was 6.5, and the
concentrations of organic carbon, total N, and total P were 18.1, 1.2, and 1.1 g kg−1, respectively [28].
The water level was maintained at 5–7 cm above the soil surface in the rice crops before the late tillering
stage, and then drained for the control of non-productive tillering [38]. After about one week, the
paddy field was re-flooded, kept alternately wet and dry, and then drained again two weeks before
rice harvest.

4.2. Experimental Design

The rice straw used in the experiment was collected from the late rice crop. The straw-decomposition
experiment used nylon-mesh bags [39]. Each bag was 20 × 20 cm with a pore size of 1 mm and
contained 13 g of straw, and the bags were placed on top of the soil. The experiment began on
17 December 2011 during the vegetable crop season. The field contained two microhabitats during this
period, the ditches and ridges, which provided the two treatments of this decomposition experiment
(Figure A1), with three replicates each. The ridges were 40 cm apart with heights and widths of 15 cm,
which is typical for this area. Straw samples were collected 10, 30, and 60 days after straw application
during the vegetable crop (17 December 2011 to 8 March 2012); 90 days after straw application during
the first fallow period (8 March to 11 April 2012); 120, 150, and 180 days after straw application
during the early rice crop (11 April to 13 July 2012); and 210 days after straw application during
the second fallow period (13 July to 31 July 2012). The experiment thus consisted of two treatments
(habitats) × eight sampling times × three replicates = 48 sample bags.

4.3. Sample Collection and Analysis

Three samples (one from each replicate) were randomly collected from each treatment on each
sampling date. The litter from each nylon bag was gently washed with water and subsequently
oven-dried to a constant mass (65 ◦C for 24–36 h) and weighed. These dried and cleaned samples
were then finely ground in a ball mill. The C and N concentrations of the dried litter were determined
using a Vario EL III Elemental Analyzer (Elemental Scientific Instruments, Hanau, Germany). The P
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concentration of the litter was measured using the molybdate-blue reaction [40] with a UV-2450
spectrophotometer (Shimadzu Scientific Instruments, Kyoto, Japan).

Soil salinity (mS cm−1), pH, and temperature were measured in situ on each sampling date at a
depth of 20 cm. Soil pH and temperature were measured with a pH/temperature meter (IQ Scientific
Instruments, Carlsbad, CA, USA), and soil salinity was measured using a 2265FS EC Meter (Spectrum
Technologies Inc., Paxinos, PA, USA).

4.4. Statistical Analyses

We analyzed the changes in elemental composition and stoichiometry during litter decomposition
in the two habitats (ridges and ditches) at the various sampling times (after 10, 30, 60, 90, 120, 150, 180,
and 210 days). Litter C, N, and P concentrations; C:N, C:P, and N:P ratios; and C, N, and P remaining
(% of initial respective amount) during the studied period of litter decomposition were the dependent
variables, while habitat (ridges and ditches) represented the fixed independent factor with repeated
measures along time of sampling and plots as random factors. We used the “nlme” [41] R package with
the “lme” function. We chose the best model for each dependent variable using Akaike information
criteria. We used the MuMIn [42] R package in the mixed models to estimate the percentage of variance
explained by the model.

We also studied the effect of time by the crop period (vegetable: from 0 to 60 days, fallow:
90 days, rice crop: from 120 to 180 days, fallow: 210 days). Pearson correlation analyses identified
the relationships among the rate of litter decomposition and nutrient release with C, N, and P
concentrations; C:N, C:P, and N:P ratios; and soil factors. These univariate analyses were performed
using SPSS 13.0 (SPSS Inc., Chicago, IL, USA).

We also performed multivariate statistical analyses by using general discriminant analysis (GDA)
to determine the overall differences between ridges and ditches in the changes of total soil C, N, and P
concentrations; soil C:N, C:P, and N:P ratios; straw mass; residual C, N, and P concentrations; and soil
salinity, pH, and temperature during straw decomposition. We also assessed the component of the
variance due to the sampling day as an independent categorical variable. GDA is thus an appropriate
tool for identifying the variables most responsible for the differences among groups while controlling
the component of the variance due to other categorical variables. This analysis used the Squared
Mahalanobis Distance statistic that depends on the Euclidean distance in the model between two sets
of samples; if the sets were closer or less different, the squared Mahalanobis distance would be lower,
and if the sets were more distant or more different, and the squared Mahalanobis distance would be
higher [43]. Soil C:N, C:P, and N:P ratios were calculated as mass ratios. GDA was performed using
Statistica 6.0 (StatSoft, Inc., Tulsa, OK, USA).

We used structural equation modeling (SEM) to analyze the factors explaining the maximum
variability of the biomass; residual straw C, N, and P concentrations; soil C, N, and P concentrations;
and soil C:N, C:P, and N:P ratios throughout the study period as functions of the habitat and the other
soil traits. This analysis provides information on the direct, indirect, and total effects of the variables.
We fit the models using the sem R package [44] and acquired the minimally adequate model using
the Akaike information criterion. Standard errors in addition to the significance levels of the direct,
indirect, and total effects were calculated by bootstrapping (1200 repetitions).

5. Conclusions

1. Straw mass decreased faster and C, N, and mainly P concentrations remained higher during the
vegetable crop and fallow periods in the ridges than the ditches. C:N, C:P, and N:P ratios of the
residual straw were thus lower in the ridges. The straw in the ridges thus had less residual mass
and higher N and P concentrations at the beginning of the rice crop period.

2. N and P concentrations and contents decreased more in the straw in the ridges than the straw in
the ditches during rice growth, so the straw in the ridges provided more N and P than the straw
in the ditches.
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3. Temperature played a key role in the changes of straw C and N concentrations during
decomposition, whereas soil salinity had more of an effect on the changes of straw P concentrations.

4. The application of straw in the ridges thus allowed a better release of N and P during the rice
crop period and produced less residual straw mass than the application of straw in the ditches.
Both processes can enhance rice yield in the subtropical rice croplands of China and southeast
Asia that use this management system.
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Appendix A

Table A1. Results of the mixed repeated measures (time) models with habitat (ridges versus ditches)
as the fixed independent variable, plot the as random variable, and the different litter and soil
studied variables.

Variable Model Type R2 Model

lme (Variable~Site * Day, Data = Dades,
Random = ~1|Day/Plot, Method = “REML”)

Site (Fixed) Time (Repeat) Site ˆ Time

Mass remaining (% of initial) lme 0.94
F = 6.86 F = 59.8 F = 18.6
p = 0.016 p = 0.0002 p = 0.0003

Carbon remaining (% of initial) lme 0.95
F = 0.906 F = 94.8 F = 16.0
p = 0.35 p = 0.0001 p = 0.0006

Nitrogen remaining (% of initial) lme 0.89
F = 20.3 F = 19.3 F = 27.8

p = 0.0002 p = 0.0046 p < 0.0001

Phosporus remaining (% of initial) lme 0.88
F = 118 F = 4.70 F = 47.9

p < 0.0001 p = 0.073 p < 0.0001

Carbon concentration in litter lme 0.76
F = 2.43 F = 5.71 F = 4.60
p = 0.13 p = 0.054 p = 0.043

Nitrogen concentration in litter lme 0.85
F = 0.695 F = 56.4 F = 2.34
p = 0.41 p = 0.0003 p = 0.14

Phosphorus concentration in litter lme 0.87
F = 79.7 F = 2.82 F = 0.036

p < 0.0001 p = 0.14 p = 0.85

Litter C:N ratio lme 0.88
F = 7.36 F = 120 F = 0.33
p = 0.13 p < 0.0001 p = 0.57

Litter C:P ratio lme 0.85
F = 87.6 F = 10.4 F = 4.06

p < 0.0001 p = 0.018 p = 0.056

Litter N:P ratio lme 0.84
F = 54.9 F = 8.06 F = 0.075

p < 0.0001 p = 0.030 p = 0.79

Soil pH lme 0.83
F = 1.52 F = 0.827 F = 1.27
p = 0.23 p = 0.40 p = 0.27

Soil salinity lme 0.90
F = 37.7 F = 0.967 F = 4.61
p < 0.001 p = 0.363 p = 0.043

Soil temperature lme 0.98
F = 0.638 F = 32.6 F = 0.015
p = 0.43 p = 0.0012 p = 0.91

(*) Represents the fact that the model contained the effects of both independent factor and also their interaction.
ˆ Represents the interaction between the two dependent factors in the model.
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Table A2. Residual mass, nutrient characteristics of the straw, and physical soil traits (mean ± SE) in each crop period.

Variable Residual Mass (%) Soil Temperature (◦C) Soil Salinity (mS cm−1) Soil pH

Residual mass and soil properties

Vegetable crop (both habitats) 60.29 ± 2.63a 12.70 ± 0.32a 0.36 ± 0.05a 6.33 ± 0.05a

First fallow period (both habitats) 42.78 ± 1.90b 22.07 ± 0.41b 0.23 ± 0.06ab 6.00 ± 0.03a

Rice crop (both habitats) 29.62 ± 1.77c 27.81 ± 0.44c 0.40 ± 0.04ac 6.22 ± 0.16a

Second fallow period (both habitats) 20.22 ± 1.48d 29.80 ± 0.28d 0.25 ± 0.02a 6.17 ± 0.05a

Crop period F = 141.319 F = 2643.159 F = 61.305 F = 37.587
p < 0.001 p < 0.001 p < 0.001 p < 0.001

Ridges 40.34 ± 4.24 21.90 ± 1.57 0.27 ± 0.04 6.21 ± 0.10

Ditches 42.84 ± 2.97 21.46 ± 1.51 0.42 ± 0.03 6.24 ± 0.07

Habitat
F = 3.401 F = 11.646 F = 2245.267 F = 0.159
p = 0.139 p = 0.027 p < 0.001 p = 0.711

Crop period × habitat F = 6.809 F = 48.211 F = 5.733 F = 2.418
p < 0.001 p < 0.001 p < 0.001 p = 0.045

Nutrient concentration C (mg g−1) N (mg g−1) P (mg g−1)

Vegetable crop (both habitats) 335.47 ± 3.25a 10.40 ± 0.21a 1.65 ± 0.15a

First fallow period (both habitats) 331.90 ± 7.58ab 11.69 ± 0.58a 1.44 ± 0.16a

Rice crop (both habitats) 319.99 ± 5.39b 15.52 ± 0.62b 1.68 ± 0.13a

Second fallow period (both habitats) 267.66 ± 15.56c 17.27 ± 0.21c 2.05 ± 0.22a

Crop period F = 18.234 F = 62.068 F = 9.660
p < 0.001 p < 0.001 p < 0.001

Ridges 306.81 ± 6.55 14.06 ± 0.72 2.18 ± 0.07

Ditches 334.67 ± 4.18 12.61 ± 0.58 1.19 ± 0.05

Habitat
F = 29.715 F = 31.669 F = 623.082
p = 0.006 p = 0.005 p < 0.001

Crop period × habitat F = 2.710 F = 5.286 F = 3.439
p = 0.028 p = 0.001 p = 0.009
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Table A2. Cont.

Variable Residual Mass (%) Soil Temperature (◦C) Soil Salinity (mS cm−1) Soil pH

Nutrient stoichiometry C:N ratio C:P ratio N:P ratio

Vegetable crop (both habitats) 32.51 ± 0.77a 236.57 ± 22.73a 7.16 ± 0.60a

First fallow period (both habitats) 28.70 ± 1.44a 250.26 ± 35.94a 8.73 ± 1.18ab

Rice crop (both habitats) 21.42 ± 1.20b 216.54 ± 20.25ab 9.85 ± 0.51b

Second fallow period (both habitats) 15.48 ± 0.83c 141.53 ± 21.77b 8.90 ± 0.96ab

Crop period F = 44.704 F = 7.700 F = 10.184
p < 0.001 p < 0.001 p < 0.001

Ridges 23.51 ± 1.50 145.18 ± 6.79 6.50 ± 0.30

Ditches 27.98 ± 1.40 292.60 ± 13.31 10.66 ± 0.34

Habitat
F = 35.419 F = 329.071 F = 127.838
p = 0.004 p < 0.001 p < 0.001

Crop growth × habitat F = 0.967 F = 1.484 F = 1.369
p = 0.474 p = 0.213 p = 0.257

Residual nutrients C (%) N (%) P (%)

Vegetable crop (both habitats) 54.36 ± 2.21a 68.46 ± 2.81a 51.69 ± 5.57a

First fallow period (both habitats) 38.13 ± 1.37b 54.36 ± 1.38b 31.75 ± 4.11b

Rice crop (both habitats) 25.80 ± 1.82c 48.63 ± 1.59b 23.82 ± 1.10b

Second fallow period (both habitats) 14.86 ± 1.88d 38.32 ± 2.84c 20.53 ± 0.82b

Crop period F = 178.055 F = 25.644 F = 47.704
p < 0.001 p < 0.001 p < 0.001

Ridges 34.32 ± 3.87 55.55 ± 3.56 44.33 ± 4.87

Ditches 39.05 ± 2.94 55.44 ± 1.97 25.37 ± 1.69

Habitat
F = 13.407 F = 0.002 F = 94.171
p = 0.022 p = 0.965 p = 0.001

Crop growth × habitat F = 4.914 F = 3.110 F = 14.328
p = 0.001 p = 0.015 p < 0.001

Different letters within a column for each variable indicate significant differences (p < 0.05).
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Table A3. Pearson correlations among the residual mass in the straw bag (%), nutrient concentrations (mg g−1) and ratios, and physical soil traits. Bold type indicates
significant differences (p < 0.05).

Temperature pH Salinity Litter C Litter N Litter P Litter C:N Litter C:P Litter N:P Residual C Residual N Residual P

Residual mass
R = −0.848 R = 0.199 R = 0.316 R = 0.525 R = −0.876 R = −0.220 R = 0.859 R = 0.284 R = −0.357 R = 0.992 R = 0.925 R = 0.756

p < 0.001 p = 0.088 p = 0.014 p < 0.001 p < 0.001 p = 0.067 p < 0.001 p = 0.025 p = 0.006 p < 0.001 p < 0.001 p < 0.001

Temperature R = −0.169 R = 0.029 R = −0.491 R = 0.835 R = 0.144 R = −0.827 R = −0.262 R = 0.397 R = −0.857 R = −0.718 R = −0.624
p = 0.125 p = 0.421 p < 0.001 p < 0.001 p = 0.164 p < 0.001 p = 0.036 p = 0.003 p < 0.001 p < 0.001 p < 0.001

pH R = 0.416 R = 0.231 R = −0.314 R = −0.196 R = 0.287 R = 0.241 R = 0.006 R = 0.223 R = 0.147 R = 0.037
p = 0.002 p = 0.057 p = 0.015 p = 0.091 p = 0.024 p = 0.049 p = 0.484 p = 0.064 p = 0.159 p = 0.400

Salinity R = 0.330 R = −0.251 R = −0.474 R = 0.297 R = 0.500 R = 0.363 R = 0.348 R = 0.311 R = −0.023
p = 0.011 p = 0.043 p < 0.001 p = 0.020 p < 0.001 p = 0.006 p = 0.008 p = 0.016 p = 0.439

Litter C
R = −0.628 R = −0.638 R = 0.753 R = 0.708 R = 0.272 R = 0.616 R = 0.472 R = 0.106

p < 0.001 p < 0.001 p < 0.001 p < 0.001 p = 0.031 p < 0.001 p < 0.001 p = 0.236

Litter N
R = 0.431 R = −0.969 R = −0.508 R = 0.200 R = −0.897 R = −0.688 R = −0.505
p = 0.001 p < 0.001 p < 0.001 p = 0.086 p < 0.001 p < 0.001 p < 0.001

Litter P
R = −0.503 R = −0.952 R = −0.770 R = −0.299 R = −0.123 R = 0.426

p < 0.001 p < 0.001 p < 0.001 p = 0.019 p = 0.203 p = 0.001

Litter C:N
R = 0.600 R = −0.110 R = 0.901 R = 0.670 R = 0.432
p < 0.001 p = 0.229 p < 0.001 p < 0.001 p = 0.001

Litter C:P
R = 0.712 R = 0.376 R = 0.152 R = −0.358
p < 0.001 p = 0.004 p = 0.151 p = 0.006

Litter N:P
R = −0.284 R = −0.334 R = −0.770

p = 0.025 p = 0.010 p < 0.001

Residual C
R = 0.918 R = 0.694
p < 0.001 p < 0.001

Residual N
R = 0.788
p < 0.001
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Table A4. Statistical significance of the independent variables in the general discriminant analysis with
the habitat (ridge or ditch) of rice straw decomposition as the dependent categorical variable. Bold type
indicate significant differences (p < 0.05).

Variable Wilks’ Lambda p

Residual C (%) 0.997 0.765
Residual N (%) 0.969 0.298
Residual P (%) 0.972 0.319

C (%) 0.976 0.361
N (%) 0.990 0.550
P (%) 0.994 0.660
C:N 0.999 0.878
C:P 0.978 0.384
N:P 0.855 0.020
pH 0.802 0.006

Salinity 0.840 0.038
Temperature 0.985 0.474
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