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Abstract: Crop residue is a major source of soil organic matter; therefore, application of crop straw to
soil contributes to the sustainable development of organic agriculture. To better understand the
transformation of crop straw in orchard soils, we investigated the relationship between the characteristics
of straw decomposition and functional diversity of associated microbial communities in a long-term
peach orchard, China. Mesh bags, each containing 30 g of corn or bean straw, were buried at a soil depth
of 20 cm in a 12-year-old peach orchard for 360 d (October 2011-October 2012). Three treatments were
applied, i.c., fresh corn straw, fresh corn straw with nitrogen fertilizer (urea, 10.34 g/kg), and fresh bean
straw. Changes in straw residual rate, straw water content and soil conditions were monitored after
treatment. The functional diversity of straw-associated microbial communities was analyzed by the
Biolog-Eco microplate assay. During the decomposition process, straw residual rates did not vary
considerably from 10 d (30.4%—45.4%) to 360 d (19.0%-30.3%). Irrespective of nitrogen addition, corn
straw decomposed faster than bean straw. Corn straw with nitrogen fertilizer yielded the highest average
well color development (AWCD) values (1.11-1.67), followed by corn straw (1.14-1.68) and bean straw
(1.18-1.62). Although the AWCD values did not differ significantly among the three treatments,
substantial differences occurred across various time periods of the decomposition process (P<0.01). In
terms of carbon source utilization, the dominant microbial groups fed mainly on saccharides.
Hard-to-decompose substances gradually accumulated in the middle and late stages of straw
decomposition. Of the six categories of carbon sources tested, the utilization rate of aromatics was the
lowest with corn straw, whereas that of polymers was the lowest with bean straw. Among different
treatments, straw residual rate was negatively correlated to soil available phosphorous, soil available
potassium and soil temperature (P<0.05), but not to soil water content. In some cases (corn straw with or
without nitrogen fertilizer), straw residual rate was negatively correlated to straw water content, amino acid
utilization and carboxylic acid utilization, and positively correlated with microbial species richness and
evenness (P<0.05). Microbial community associated with corn and bean straw decomposition in soil was
respectively dominated by aromatic- and polymer-metabolizing groups during the middle and late stages
of this process, which could reduce the stability of microbial community structure and decrease the rate
of straw decomposition in the fruit tree orchard.
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1 Introduction

Crop residue is a natural resource rich in nitrogen, phosphorus, potassium and many other
elements necessary for plant growth. Application of crop straw to soil is therefore an effective
way to improve soil quality and promote crop growth, which plays an essential role in the
sustainable development of organic agriculture (Witt et al., 2000; Lao et al., 2003; Wu et al., 2014;
Song et al., 2015). After its application, the decomposition of crop straw in soil is a complex
process involving dynamic microbial activities. The rate of transformation of straw is related not
only to the chemical composition of the straw but also to the environmental conditions of the soil
(Wang et al., 2009; Han et al., 2016). In particular, soil water content is vital for the
mineralization of plant residues, and there is an interactive effect between soil water and
temperature on straw decomposition (Geisseler et al., 2011; Chen et al., 2012; Chen et al., 2014).
Therefore, it is crucial to understand how different environmental factors affect the decomposition
of crop straw for the rational utilization of agricultural resources.

Microorganisms as major drivers of nutrient biogeochemical cycles play a vital role in straw
decomposition in soil. Previous studies have found that different straw properties and
environmental factors can lead to substantial variation in the diversity of soil microbial
communities (Feng et al., 2009; Merild et al., 2010; Wang et al., 2012a). A common finding is that
the presence of carbohydrates, urea and other small molecular organic compounds accelerates
straw decomposition and transformation by substantially increasing the functional diversity of
associated microorganisms (Tian et al., 2000; Ju et al., 2002; Hoyle et al., 2008; Jia et al., 2010).
The ability of microorganisms to utilize single carbon sources in the Biolog-Eco microplate assay
reflects the metabolic functions of microbial communities in the environment. Although
traditional Biolog-Eco microplate assay cannot directly acquire detailed information on the
microbial community structure (Wu et al., 2013), it provides a simple and rapid method for
studying the metabolic activity and functional diversity of microbial communities (Lu et al., 2013;
Wang et al., 2016).

In China, many orchards have been established in arid and semi-arid barren hills with generally
low content of soil organic matter and limited supply of water and fertilizer. Along with the
development of organic cultivation of fruit trees, producers have paid increasing attention to
scientifically-based planting strategies. Agronomic practices, such as straw application, are
commonly used in orchard management to improve soil organic matter content and thereby soil
quality (Sun et al., 2018). Straw application is the main way of adding exogenous carbon source
to agricultural soils, and subsequent straw decomposition is a long-term process involving
complex microbial communities (Pausch and Kuzyakov, 2012). Several studies showed that soil
quality was improved after application of plant-derived organic fertilizers, while fruit yield and
quality were also increased (Liu et al., 2008; Cheng et al., 2014). So far, many researchers have
investigated the effects of climate condition, water availability, fertilizer application and straw
chemical composition on soil microbial metabolic characteristics (Liu et al., 2014; Cao et al.,
2015; Chen et al., 2015) for dry straws (Chen et al., 2014; Li et al., 2018, 2019). However, there is
still limited information on the mechanisms underpinning microbially-mediated decomposition of
fresh crop straw in orchard soils, especially the response of soil microbial functional diversity.

In this study, we conducted a field experiment in a long-term peach orchard using fresh corn
straw and bean straw differing in their physical structure and chemical composition. We
investigated the changes in functional diversity of microbial communities associated with the
decomposition of corn straw and bean straw after their application to soil for one year based on
the Biolog-Eco microplate assay. We also measured physical and chemical properties of straw and
soil to examine their relationships with microbial activity and diversity. The results provide
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support data for maximizing the benefits of straw application and developing soil management
strategies suited to environmental conditions in orchards, which could sustainably improve their
soil fertility.

2 Materials and methods

2.1 Study area and materials

The study was carried out in a 12-year-old peach (Amygdalus persica L.) orchard, located within
an experimental site of the Northwest A&F University, Yangling, Shaanxi Province, China
(34°29'81"N, 108°07'11"E). The study area has an elevation of 525 m, with an annual mean
temperature of 13°C and an annual accumulated temperature (>10°C) of 4196°C. The annual
mean precipitation ranges from 550 to 600 mm and mainly occurs from July to September.
Evaporation averages 993 mm per year, with a frost-free period of 184-216 d. The peach orchard
was covered with grass mulch. The soil type is Lou soil and is classified as Earth-cumuli-Orthic
Anthrosols in the Chinese Soil Taxonomy (Chang et al., 2001). The physical and chemical
properties of the surface soil (0-20 cm depth) before the experiment were as follows: pH, 8.2;
organic matter, 40.6 mg/kg; available nitrogen, 64.8 mg/kg; available phosphorus, 43.0 mg/kg;
and available potassium, 269.9 mg/kg.

Corn (Zea mays L.) straw was collected from cropland in the experimental site, while bean
(Glycine max (L.) Merr.) straw was collected from adjacent cropland. Fresh moist straws were
crushed into 1-2 cm lengths and immediately stored in a refrigerator at 4°C. The corn straw
contained 402.48 g/kg of total carbon and 11.31 g/kg of total nitrogen, with a C/N ratio of 35.59.
The bean straw contained 373.18 g/kg of total carbon and 25.47 g/kg of total nitrogen, with a C/N
ratio of 14.65.

2.2 Experimental design and sampling

The decomposition of fresh crop straws in soil was determined using mesh bags over a 360-d
period between October 30, 2011 and October 30, 2012 (Guo et al., 2006). The optimal C/N ratio
for the decomposition of organic matter by soil microorganisms is 25:1, whereas the C/N ratio of
plant residues, such as corn straw, is generally >25:1 (Baumann et al., 2009; Wang et al., 2012a).
In this case, nitrogen fertilizer could alter the soil microbial communities involved in straw
decomposition. Herein, fresh corn straw was supplemented with nitrogen in the form of urea
(10.34 g/kg) to obtain a C/N ratio of 25:1. Accordingly, a total of three straw treatments were
applied, i.e., fresh corn straw (FC), fresh corn straw-+nitrogen fertilizer (FCN), and fresh bean
straw (FB). Thirty grams of fresh straw was packed into a double-layered nylon net bag (18
cmx12 cm, 350 mesh). Three pairs of peach trees were selected in two adjacent rows. The bags
were buried in the soil at a depth of 20 cm and a spacing of approximately 2 cm between the
paired trees. There were 90 bags per treatment and 270 bags in total.

Replicate straw samples were collected at 15 time points corresponding to 10, 20, 30, 45, 60,
90, 120, 150, 180, 210, 240, 270, 300, 330 and 360 d of decomposition. For each sampling time,
six bags per treatment were taken at random. Each of the bags was packed and returned to the
laboratory, where all samples were immediately stored at 4°C. Three bags of straw samples were
used to determine the mass and water content, and the remaining three bags were used for
microbial analysis. To avoid the influence of irrigation and rainfall, we weighed fresh straw
samples after drying them at 60°C to a constant weight. Before burying the mesh bags, we
manually collected soil samples between the paired trees at a depth of 020 cm. Five soil samples
were taken in an S-shaped pattern and mixed to form one composite sample for the determination
of soil properties. After different time periods of straw decomposition, soil samples were
collected in the same way and a total of 15 composite samples were obtained for the analyses of
water content and microbial characteristics. A soil temperature logger (HOBO TidbiT v2, Onset
Computer Corp., Bourne, USA) was buried at the 20 cm depth to record soil temperature hourly.
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We calculated the residual rate of crop straws during decomposition using the following equation:
straw residual rate (%)=X/Xopx100%, where X, (g) is the initial mass of straw before
decomposition; and X; (g) is the residual mass during decomposition at time 7. A higher residual
rate indicates a lower decomposition rate of straw. We analyzed the physical and chemical
properties of soil and straw samples using conventional testing methods (Bao, 2000).

2.3 Microbial analysis

The metabolic diversity of straw-associated microbial communities was measured by the
Biolog-Eco microplate assay. The Biolog-Eco microplate assay comprised 96 wells containing 31
carbon sources that were classified into six categories with three controlled wells not adding
carbon source. Triplicate straw samples (0.1 g dry weight) were dissolved in 49.9 mL of sterile
0.85% NacCl solution and shaken at 180 r/min for 30 min. Then the solution was centrifuged for 1
min at a speed of 3290 r/min. A 1-mL aliquot of the supernatant was diluted 10-fold using a sterile
0.85% NaCl solution. Subsequently, 150 pL of the diluted supernatant was inoculated into the
Biolog-Eco microplate and incubated at 25°C for 6 d (Wang et al., 2012b). We measured carbon
source utilization daily by measuring the absorbance at 590 nm using the Biolog Microstation™
System (BIO-TEK Instruments Inc., Winooski, USA) according to the manufacturer's instructions
(Qian et al., 2014).

Average well color development (AWCD) value and diversity indices reflect the overall
microbial community characteristics, whereas carbon source utilization indicates the predominant
microbial metabolic functions. AWCD is calculated by the following equation:
AWCD= Y (C,~R)/31, where C; is the absorbance of carbon source well; and R is the absorbance
of control well. Higher AWCD values indicate a higher microbial metabolic activity in terms of
sole-carbon-source utilization (Zabinski and Gannon, 1997). Given that 144 h is the inflection
time point of AWCD curve (Jia et al., 2013), we collected the data at 144 h to estimate the
microbial diversity. Shannon's diversity index (H), Simpson's diversity index (D), and McIntosh's
equitability (£) were used to assess species richness, dominance and evenness in a microbial
community, respectively (Wang et al., 2012b). The 144-h data were also used to compare the
utilization of six categories of carbon sources by microorganisms during different time periods of
decomposition.

2.4 Statistical analysis

Data are presented as means+standard deviation (n=3). A two-way analysis of variance (ANOVA)
was used to compare the group means using SPSS 18.0 (SPSS Inc., Chicago, USA). Pairwise
comparison of means was conducted using Duncan's multiple range test. Pearson's correlation
analysis was conducted among straw residual rate, straw and soil properties, and microbial
diversity to identify the key factor(s) affecting the rate of straw decomposition in the orchard soil
using Excel 2016 (Microsoft Corp., Redmond, USA).

3 Results

3.1 Changes in straw residual rate, straw water content and soil conditions

Based on the residual rate of fresh straw, we divided the entire process of straw decomposition
into two stages (Fig. 1). The first stage (0—10 d) was characterized by a rapid decrease in straw
residual rate, with the values of FB, FC and FCN samples decreasing from 100.0% to 45.4%,
30.4% and 34.4%, respectively. The second stage (10-360 d) was characterized by a slow
decrease in straw residual rate, with the values of FB, FC and FCN samples further decreasing to
30.3%, 19.0% and 22.9%, respectively. As the decomposition process advanced, the residual rates
of FB samples were the highest, followed by those of FCN and FC samples (P<0.05). This result
indicated that fresh bean straw with a lower C/N ratio decomposed slower than did fresh corn
straw with a higher C/N ratio.
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Fig. 1 Changes in straw residual rate in the soil of peach orchard during the decomposition process over a 360-d
period. FB, fresh bean straw; FC, fresh corn straw; FCN, fresh corn straw+nitrogen fertilizer (urea, 10.34 g/kg).
Bars are standard deviation (n=3).

During the decomposition process, soil temperature considerably varied in an inverted
S-shaped pattern, whereas soil water content had little change over time (Fig. 2). The water
contents of all straw samples increased over time in the first 0-240 d but then decreased
afterwards. The final water contents of soil and straw (FB, FC and FCN) samples at the end of the
decomposition (360 d) increased by 107.9%, 112.8%, 157.0% and 162.3%, respectively,
compared with the initial values (10 d). This result indicated that straw water content had greater
variations than soil water content over the entire process of straw decomposition.
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Fig. 2 Changes in straw water content (FB, FC and FCN), soil water content (SWC), and soil temperature (ST)
in the peach orchard during the decomposition process over a 360-d period. FB, fresh bean straw; FC, fresh corn
straw; FCN, fresh corn straw-tnitrogen fertilizer (urea, 10.34 g/kg).

3.2 Changes in microbial metabolic activity and functional diversity
3.2.1 Microbial metabolic activity

With regard to microbial community metabolism, AWCD values of all straw samples changed
with extended time periods of decomposition (Fig. 3). Generally, there were no significant
differences in AWCD values among the three treatments; however, a relatively large difference
emerged at 270 d, which corresponded to a hot and rainy period with a high temperature. At this
time, AWCD values of FCN samples were lower than those of the other two treatments. AWCD
values of soil samples were relatively low (<0.97) during the early stage (0-90 d), yet abruptly
increased, peaking at 1.72 at 120 d, followed by fluctuations between 1.55 and 1.06. Based on
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these results, FB samples exhibited higher microbial metabolic activities during the period of
0-240 d and gradually decreased during the period of 240-360 d. In contrast, microbial metabolic
activities of FC samples were the lowest during the period of 0-240 d, and then increased to
higher levels during the period of 240-360 d. For FCN samples, microbial metabolic activities
were in the medium ranges.
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Fig. 3 Changes in average well color development associated with straw decomposition in the peach orchard
over a 360-d period. FB, fresh bean straw; FC, fresh corn straw; FCN, fresh corn straw-+nitrogen fertilizer; PS,
soil of peach orchard. Bars are standard deviation (n=3).

Final AWCD values of FB, FC and FCN samples decreased to 80.3%, 97.6% and 103.1% of
their initial values, respectively, whereas those of soil samples increased to 109.4% of the initial
values. Despite similar AWCD values among the three treatments, significant differences
occurred across different time periods of decomposition (P<0.01). There was a significant
interactive effect between straw type and decomposition time (P<0.01). Similarly, AWCD values
of soil samples significantly differed across various time periods of decomposition (P<0.01).

3.2.2 Microbial functional diversity

Table 1 summarizes the Shannon's diversity index (H), Simpson's diversity index (D), and
Mclntosh's equitability (£) of straw-associated microbial communities under different treatments.
In all cases, H values did not change significantly over the entire decomposition period (360 d),
and final H values were only slightly changed to 101.7% (FB), 100.0% (FC), and 98.9% (FCN) of
the initial values (10 d). Mean H value of FB samples was significantly lower than those of FC
and FCN samples (P<0.05).

Table 1 Shannon's diversity index (H), Simpson's diversity index (D), and Mclntosh's equitability (E) of
microbial communities associated with straw decomposition in the soil of peach orchard

Decomposition FB FC FCN
time (d) H D E H D E H D E

10 3.524"™ 09612 1.051° 3.534% 0.9612™  1.081"® 3.552"  0.9598" 1.062

90 3.542"  0.9621° 1.033° 3.572% 0.9589" 1.062% 3.640"™  0.9649"° 1.074°

180 3.634° 0.9585*  1.074" 3.653° 0.9594°  1.104° 3.653° 0.9644° 1.081°
270 3.473° 0.9745° 1.012° 3.504% 0.9649° 1.033% 3.612° 0.9599" 1.070®
360 3.582% 0.9502¢ 1.084° 3.534% 0.9528¢ 1.030° 3.513% 0.9593¢ 1.034®
Mean 3.551° 0.9613*®  1.051° 3.560* 0.9594" 1.062" 3.594% 0.9617* 1.064*

Note: FB, fresh bean straw; FC, fresh corn straw, FCN, fresh corn straw-+nitrogen fertilizer. For each index, different lowercase letters
within the same column indicate significant difference among various time periods of decomposition at P<0.05 level; different
uppercase letters within the same row indicate significant difference among various straw treatments at P<0.05 level.

D values varied from 0.9528 to 0.9745, which showed significant differences across various
time periods of straw decomposition (P<0.05). In addition, there was a significant difference
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between mean D values of FCN and FC samples (P<0.05). These results indicated that the
dominance of straw-associated microbial communities did not change much with the extension of
decomposition time.

E values showed similar changes as those observed in H values. E values of FB and FC
samples significantly differed across various time periods of straw decomposition (P<0.05),
whereas the values of FCN samples did not change. Final E values of FB samples increased to
102.9% of the initial values. In contrast, final values of FC and FCN samples decreased to 95.4%
and 97.2% of their initial values, respectively. There was a significant difference between mean £
values of FB and FCN samples (P<0.05).

3.2.3 Carbon source utilization

Based on the results of carbon source utilization (Table 2), there were no significant differences
between the initial (10 d) and final (360 d) utilization rates of aromatic (FB, FC and FCN) and
polymer (FB) in specific samples. However, utilization rates of most carbon source significantly
increased in the later stage of straw decomposition compared with early stage (P<0.05).
Specifically, final utilization rates of amino acid significantly increased to 282.3% (FB), 346.8%
(FC), and 365.2% (FCN) of their initial values. Similar increases were found in the corresponding
utilization rates of carboxylic acid, i.e., 285.1%, 312.5% and 344.2%. In comparison, the
increases in final utilization rates of saccharide were smaller, i.e., 216.9%, 274.6% and 301.6%.
For polyamine, final utilization rates increased to 247.5%, 286.4% and 400.0% of their initial
values. Moreover, final utilization rates of polymer increased by 148.8%, 275.0% and 332.0% at
the end of the decomposition process.

Table 2 Utilization of six categories of carbon source by microbial community in relation to the decomposition
of various straw types at different time periods in the soil of peach orchard

Straw type Decgg:(()(sil)non Amino acid Car::izyllc Saccharide Polyamine Polymer Aromatic

FB 10 0.50° 0.47° 0.71° 0.40¢ 0.84¢ 0.38¢
90 1.44° 1.36° 1.84° 1.14° 2.05" 1.64°

180 1.15¢ 1.02¢¢ 1.49¢ 0.88° 1.39% 1.28%

270 1.80° 1.30% 1.77%* 1.53° 1.09% 0.76"¢

360 1.41% 1.34* 1.54% 0.99" 1.25% 0.75%
FC 10 0.47¢ 0.48° 0.67° 0.44¢ 0.60° 0.43°

90 1.14% 1.13° 1.66" 0.87° 1.53%¢ 1.03%¢

180 1.26" 0.95¢ 1.22¢ 0.97" 1.28% 1.28%
270 1.86° 1.36% 1.70* 1.43° 1.86" 1.59*

360 1.63° 1.50° 1.84° 1.26™ 1.65® 0.78"
FCN 10 0.46° 0.43° 0.61° 0.31° 0.50° 0.26°
90 1.39° 1.23° 1.82% 0.95° 1.70° 1.26*
180 1.24%4 0.93 1.45% 0.90" 1.25% 1.41°
270 1.42° 1.09% 1.28¢ 0.64 1.06° 0.46°
360 1.68° 1.48° 1.84° 1.24° 1.66" 0.55°

Note: FB, fresh bean straw; FC, fresh corn straw, FCN, fresh corn straw and nitrogen. In each straw treatment, different lowercase
letters within the same column mean significant difference across various decomposition time periods at P<0.05 level.

Based on the overall utilization of different carbon sources, we found that microorganisms
associated with straw decomposition in the soil of peach orchard were dominated by
saccharide-metabolizing group. Among the six categories of carbon source tested, microbial

utilization of polymer ranked the lowest in FB samples, while that of aromatic was the lowest in
FC and FCN samples.

3.3 Relationships of soil/straw properties and microbial diversity with straw residual rate

Across all three treatments, straw residual rate was negatively correlated with soil available
phosphorus, soil available potassium and soil temperature (P<0.01; Table 3). For FC and FCN
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samples, straw residual rate was also negatively correlated with straw water content and amino
acid (P<0.05 or 0.01) and positively correlated with H value (P<0.01). Moreover, straw residual
rate of FC was negatively correlated with carboxylic acid utilization (P<0.05), whereas straw
residual rate of FCN was positively correlated with £ value (P<0.05). These results indicated that
the relationships of straw/soil properties and straw-associated microbial diversity with straw
residual rate varied and depended on the straw type. Overall, there were more correlated variables
in corn straw (FC and FCN) than in bean straw (FB).

Table 3 Pearson's correlations of straw/soil properties and microbial functional diversity with straw residual rate
under different straw treatments

Variable Straw residual rate Variable Straw residual rate
FB FC FCN FB FC FCN
pH 0.20 0.30 0.26 Saccharide utilization -0.11 -0.21 —0.49
OM 0.23 0.38 0.33 Amino acid utilization —0.43 059"  —0.62"
Alka“r'l}i‘ggg;gzable 0.20 0.34 021 Caﬁi"l’i‘;;tiicofd 030 058 -0.48
Available phosphorus -0.79" -0.83"  -0.81" Polymer utilization 0.19 -0.13 -0.33
Available potassium -0.67" -0.69"  -0.67" Aromatic utilization -0.10 0.42 -0.22
Soil temperature -0.74" -0.76"  —0.74" Polyamine utilization —0.41 -0.24 —0.41
Straw water content -0.29 -0.63" —0.817"| Shannon's diversity index ()  —0.40 0.68" 0.75™
Soil water content -0.37 -0.24 —0.39 | Simpson's diversity index (D) 0.00 0.00 0.00
AWCD -0.38 —0.44 0.04 | Mclntosh's equitability (E) ~ —0.50 0.00 0.59"

Notes: FC, fresh corn straw; FB, fresh bean straw; FCN, fresh corn straw and nitrogen; OM, organic matter; AWCD, average well color
development. , P<0.05 level, , P<0.01 level.

4 Discussion

4.1 Effect of C/N ratio on straw decomposition

Decomposition rate of organic materials applied to soil depends on both their inherent properties
and ambient conditions (Kuang et al., 2010). There is much evidence that C/N ratio of organic
materials is a major factor controlling their decomposition and nutrient release. For example,
Cheng et al. (2014) found that a C/N ratio of corn straw controls nitrogen release from the straw
and affects microbial activity in the soil. In the present study, we applied three types of fresh crop
straw to the soil of peach orchard and closely monitored their decomposition over a 360-d period.
C/N ratios of different straw samples were ranked in the following order: FC>FCN>FB, which
corresponded to their decomposition rates over a 360-d incubation period. This result indicates
that corn straw having a higher C/N ratio was easier to decompose than bean straw having a lower
C/N ratio in the soil of peach orchard, which corroborates our recently reported findings in a
farmland soil (Zhang et al., 2019). This phenomenon may be explained by the fact that the C/N
ratio of soil in the peach orchard was approximately 14.73, quite close to that of bean straw
(14.65) and much lower than that of corn straw with (25.00) or without (35.59) nitrogen fertilizer.
Therefore, corn straw was more likely to compete for nitrogen in this soil than bean straw,
thereby accelerating straw decomposition by local soil microorganisms in its vicinity.

A positive relationship between straw decomposition rate and C/N ratio indicates that an
optimal C/N ratio of crop straw is not necessary for accelerating straw decomposition in the soil.
For example, although FC straw had a considerably high C/N ratio, its C and N nutrition could be
balanced through the ambient soil environment over a certain period of time, eventually
facilitating straw decomposition. When urea was supplied as a nitrogen source, FCN straw
attained an optimal C/N ratio for microbial decomposition. However, according to Li et al. (2017),
the addition of urea could inhibit ligninase activity in corn straw and thus impair the straw
decomposition process. A similar result was reported by Wang and Sun (2012a), who applied
wheat straw to a sandy soil. Moreover, FB straw had a C/N ratio close to that of the soil in peach
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orchard with slowly releasing carbon and nitrogen during decomposition, especially under limited
soil water conditions. In this case, it took a longer time for FB straw to influence microbial
community in the vicinity and to stimulate microbial activity associated with straw decomposition.
Therefore, among the three treatments, FB had the lowest straw decomposition rate throughout
the experimental period.

4.2 Effects of soil temperature and water conditions on straw decomposition

Previous studies have found that functional diversity of microbial communities associated with
straw decomposition is affected by environmental conditions, such as soil temperature and
humidity (Villegas et al., 2000; Avrahami et al., 2003; Kruse et al., 2004). Soil temperature and
water content mainly affect the growth, reproduction and physiological functions of particular
microbial groups. In addition, these factors affect the soluble organic matter content of soil and
the decomposition rate of straw; thus, differences arise in substrate supply, leading to shifts in the
activity and function of soil microbial communities (Avrahami et al., 2003; Tian et al., 2007).
Most soil microorganisms have an optimal temperature between 25°C and 35°C, so the
degradation and nutrient transformation of crop residues are relatively fast in the tropics (Ding et
al., 2008). In hot and humid environments, soil microbial activity is enhanced and nutrients in
straw can be released quickly. In the present study, we found that there was a negative correlation
between soil temperature and straw residual rate across different straw treatments. However, the
decomposition rates of different straws tended to decline in the middle and late stages when soil
temperature was relatively high in the peach orchard. This result indicates that the decomposition
process of different straws was not only affected by soil temperature, but also related to other
factors. For example, we found that straw water content was negatively correlated with the
residual rate of corn straw with or without nitrogen fertilizer.

In our study area, soil temperature mainly changed with seasonal air temperature, whereas
straw water content was related to straw physical structure, soil water content and seasonal
precipitation. The negative correlation observed between residual rate and water content of corn
straw may be due to the fact that corn straw contains more water-soluble substances and crude
proteins that are easy to decompose. Under appropriate temperature and water conditions, the
production and turnover of extracellular enzymes by soil microorganisms can indirectly mediate
the decomposition of organic matter, thus reducing the residual rate of corn straw in the soil of
peach orchard. Similar results have been reported by Tian et al. (2020) in a fluvo-aquic soil and
Cusack et al. (2010) in two tropical soils. However, there was no correlation between the residual
rate and water content of soybean straw, perhaps because soybean straw contains high cellulose,
hemicellulose and lignin contents, which may not facilitate the decomposition process in the
presence of high water content. Compared with corn straw, the decomposition of soybean straw
requires more energy, which reduces the extent of straw decomposition by microorganisms; thus,
little change occurred in the residual rate of soybean straw during the whole decomposition period.
This mechanism is consistent with the finding of Ibrahim et al. (2015) in a paddy soil.

In the present study, we found that soil water content had minor effect on the decomposition
rates of different fresh straws, while straw water content partially affected the decomposition rates.
A plausible reason was that water treatment in our study did not reach the soil water limit, so its
effect on microbial activity was not significant (Zhou et al., 2015). Our finding contradicts several
earlier studies, such as Castro et al. (2010) and Sun et al. (2018), which involved the application
of corn straw to the soil of apple orchards. Zhang et al. (2007) also found that water conditions
could affect the physical and chemical properties of soil, causing differences in the decomposition
rate of various crop residues in a purple paddy soil. The inconsistency between the current and
previous studies may be due to the presence of multiple factors (e.g., straw type and soil
environment) influencing straw decomposition in the fields. For example, Neilson et al. (2012)
showed that the change of environmental conditions could considerably affect the microbial
community composition. More recently, Tian et al. (2020) demonstrated that both straw type and
soil texture affected the decomposition of straw, and difference in the nutrient conditions of
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residual straw was the primary cause of variation in microbial abundance and community
composition.

In summary, our results indicate that the decomposition rates of fresh straws are strongly
affected by soil temperature across different treatments. Therefore, straw decomposition mediated
by microorganisms is more sensitive to temperature than to water in the soil of peach orchard.

4.3 Effect of microbial community structure on straw decomposition

To monitor dynamic changes in straw-associated microbial communities during the
decomposition process, we used Biolog-Eco microplate assay to analyze the microbial metabolic
activity and carbon source utilization. With increasing decomposition time, the higher AWCD
values of FC and FCN samples indicated that their microbial metabolic activities associated with
straw decomposition were enhanced and became stable, which could promote straw
decomposition. Consequently, residual rate of corn straw was lower than that of soybean straw.
As the decomposition process advanced, the amount of easily decomposed substances decreased,
and complex compounds that are difficult to decompose accumulated gradually. In agreement
with our finding, previous studies showed that microbial activity associated with the
transformation of complex compounds in crop straws was reduced after decomposition under
good hydrothermal conditions; thus, AWCD values decreased with increasing soil temperature
and water content (Kemmitt et al., 2008; Wang et al., 2012b).

Regarding microbial functional diversity, we observed higher H values from FC and FCN
samples compared with FB samples after straw decomposition, whereas for £ values, this trend
was inversed (i.e., FC and FCN<FB). During field sampling, we found a high abundance of
nematodes (average density: 1280/100 g dry soil) in the soil of peach orchard, which could be
attributed to the occurrence of abundant fungi. According to Zhang et al. (2018), nitrogen
addition in grassland soil could reduce the species evenness of nematodes and alter their species
richness, thereby influencing the stability of nematode community. This leads us to speculate that
the nematodes around mesh bags of corn straw with low nitrogen were more active during straw
decomposition than those around mesh bags of bean straw with high nitrogen. Since fungi are the
main decomposers of soil and straw organic compounds, they were likely to decrease the species
evenness of microbial communities associated with corn straw decomposition.

Saccharides are easy to decompose and they can be produced in secondary metabolites when
crop straw is decomposed and then utilized by microorganisms (Wang et al., 2009). Under
different treatments, we found that dominant microorganisms associated with straw
decomposition mainly fed on saccharides. In addition, saccharides were sensitive carbon sources
causing microbial community shifts among various straw treatments in the soil of peach orchard.
In contrast, microorganisms in FB samples had the lowest utilization rate of polymer, which could
easily reduce the stability of microbial community structure (Zhen et al., 2015) and negatively
affect the decomposition of crop straw. FC and FCN samples had the lowest utilization rates of
aromatic by microorganisms, which are similar to the result obtained from Caragana microphylla
and other plant residues applied to a forest soil (Zhang et al., 2009). Based on these results,
polymer and aromatic appeared to be the key components that restricted the decomposition rates
of bean straw and corn straw in the soil of peach orchard during the later stage of the
decomposition process. Therefore, it is crucial to effectively treat crop straw in order to make full
use of various carbon resources throughout the decomposition process.

5 Conclusions

This study demonstrated that fresh corn straw decomposed faster than fresh soybean straw in the
soil of peach orchard over the 360-d incubation. With the extension of decomposition time, the
microbial metabolic activity associated with corn straw decomposition increased, while the
microbial community structure became increasingly stable. Especially under hot and humid
conditions, straw-associated microbial communities had the greatest differences across various
treatments in the middle and late stages of decomposition. Genetic fingerprinting techniques, such
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as T-RFLP (terminal-restriction fragment length polymorphism) and PCR-DGGE (polymerase
chain reaction-denaturing gradient gel electrophoresis) are needed to explore the differential
utilization of carbon sources by microorganisms during straw decomposition. Across different
treatments, the dominant microorganisms associated with straw decomposition were mainly
carbohydrate-utilizing groups. In the middle and late stages, the decomposition rate of straw was
markedly reduced due to gradual accumulation of polymer (soybean straw) and aromatic (corn
straw). When applying crop straw to the soil of orchard, C/N ratio of straw should be adjusted to
facilitate the decomposition process and improve the utilization rate of straw. In addition,
microbial agents could be screened and applied to facilitate the degradation of polymer and
aromatic during the middle and late stages. This strategy will ameliorate the utilization of straw
resources after their field application, ultimately improving soil organic matter content and
stabilizing the orchard soil quality.
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