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Abstract: Combining rice cultivation and aquaculture into an integrated cropping system is a man-
agement approach that enhances the sustainability of rice fields. However, how soil characteristics
influence soil microbial community characteristics following implementation of such an integrated
system, particularly in the waterlogged paddies of the Pearl River Delta, is poorly understood. An
integrated cropping system (rice—fish—duck integrated cropping system, RFD) and a rice-pepper
rotation system (RPS) were compared using a conventional rice cropping system (CRS) as a reference.
We used phospholipid-derived fatty acid (PLFA) analysis to assess soil microbial community structure
and function and measured soil nutrient content and organic carbon fractions. Our results indicated
that the soil nutrient content, organic carbon fractions, and C-hydrolyzing activities differed among
the cropping systems. The RFD resulted in higher microbial PLFA concentrations and a lower ratio
of Gram-positive to Gram-negative bacteria than CRS. Additionally, the integrated system reduced
microbial nutrient stress by increasing soil pH. Further analysis revealed that active soil organic car-
bon significantly affected the soil microbial community. Thus, the RFD integrated cropping systems
that alter the combined actions of pH and active organic carbon fractions can be used to improve soil
microbial communities.

Keywords: rice cropping; integrated cropping system; soil nutrients; organic carbon fraction; soil
microbial community; phospholipid-derived fatty acid

1. Introduction

Waterlogged paddies in southern China are mainly distributed in polder areas along
river plains, lakeside areas, areas near the sea, deltas, and ridges in hilly areas. The area of
waterlogged paddies in the Pearl River Delta is approximately 783,000 hm?, accounting for
15.2% of the arable land [1]. High groundwater levels and poor drainage lead to excessive
soil moisture, which is characterized by a heavy clay texture, insufficient permeability,
pronounced reducibility, and slow organic matter decomposition [2,3]. Consequently,
waterlogged paddies experience imbalances in water, nutrients, air, and temperature within
the topsoil. In particular, the massive application of chemical fertilizers and pesticides
in recent decades has increased food production at the cost of enormous environmental
pollution [4].

The traditional system is usually a single rice planting in a waterlogged paddy field.
This system requires huge external investment to maintain high productivity and effi-
ciency [5]. Moreover, continuous monoculture rice planting will lead to soil degradation
and nutrient loss with runoff, further causing groundwater pollution and biodiversity
loss [6,7]. An integrated cropping system in rice fields is an ecologically and environmen-
tally friendly agricultural development technology that combines crop cultivation and
aquaculture [8,9]. Compared to the traditional system, such a system artificially combines
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rice (Oryza sativa) cultivation and aquaculture in the same ecosystem, using the three-
dimensional space of the paddy field to achieve full use of light, heat, water, and biological
resources and to obtain high material production and economic benefits [8]. Simultane-
ously, such a system can prevent declines in soil fertility, reduce environmental pollution,
maintain ecological balance, and maintain the agroecosystem in a virtuous cycle.

Soil microbes are important for improving soil fertility and maintaining material cycles
in the soil ecosystem [10]. Changes in the concentrations and diversity of soil microbes
directly reflect trends in soil fertility and quality, making them sensitive indicators of short-
and long-term variations in soil conditions [11,12]. Many studies have demonstrated that in-
tegrated rice—aquatic animal systems increase soil microbial diversity [9,13]. Afri et al. [14]
found that a rice—fish system changed the community composition of soil bacteria, increas-
ing species richness and diversity. Comparable findings were observed in soil fungi, where
the abundance and diversity of fungi exhibited a positive correlation with soil nutrients [12].
In integrated cropping systems within paddy fields, aquatic animals affect the material
and energy cycles in the plow layer through crawling, disturbing, feeding, and defecating
activities, which may improve surface soil fertility, increase microbial activities, and alter
the microbial community composition [14,15]. Integrated cropping systems also enhance
soil ecosystems by improving organic matter content, total nutrients, available nutrients,
and pH [16]. Additionally, numerous studies have demonstrated that these systems sig-
nificantly increase the content and availability of soil NPK and organic carbon (OC) in
different soil layers of paddy fields [17,18]. Compared to the continuous rice cropping
system, introducing fish into the rice field could reduce N and P loss from runoff and N,O
emission, thereby maintaining soil fertility [19]. Sun et al. [20] reported that rice and aquatic
animal co-culture systems proved to be a highly efficient cultivation approach to enhance
carbon sequestration in the paddy field. When integrated cropping systems are employed,
soil microbial communities may change over time in response to altered physicochemical
properties. However, few studies have examined changes in the internal characteristics
of waterlogged paddy soils after long-term adoption of ecologically integrated farming
models, and there is a lack of research regarding the relationship between alterations in the
soil environment and microbial communities in different plow layers.

Our study aimed to compare alterations in soil microbes in an integrated rice—fish—-
duck (RFD) system to those in rice-pepper (RPS) rotation and conventional rice cropping
(CRS) systems, with a particular focus on identifying the primary drivers of alterations in
the microbial community. The RFD system, which introduced animal manure into paddy
fields, increased soil OC and nutrient (NPK) levels following decomposition. Previous
studies have reported that changes in soil microbial communities are inextricably associated
with variations in soil nutrients and OC. We hypothesized that (1) the RFD system would
significantly enhance soil NPK levels and OC availability; (2) soil organic carbon would be
more sensitive to NPK levels after cropping system changes, thus making it a determining
factor in soil microbial proliferation; and (3) transformation from CRS to the RFD system
would reduce microbial nutrient stress, which varies with soil pH and OC availability.

2. Materials and Methods
2.1. Experiment Design

The experiment was conducted at Zengcheng District Agro-ecological Environment
Field Station, Guangdong Province, China (23°17'25"" N, 113°43/3"" E). The climate is a
subtropical marine monsoon climate with an average annual temperature of 22.1 °C and
annual precipitation of 1746.7 mm. Soil type in this area is identified as a Hydragric
Anthrosol (FAO-UNESCO, 1974) with a loamy clay texture (29% sand, 42% silt, and 29%
clay). Prior to the experiment, the topsoil physicochemical properties were as follows:
pH: 5.03; total nitrogen: 0.75 g-kg™!; total phosphorus: 0.91 g-kg~!; total potassium:
14.38 g-kg’l; bulk density: 1.32 g'cm‘o’.

The experiment was carried out from June 2017 to September 2021, based on the CRS.
Three cropping systems were devised: RFD, RPS, and CRS as the control. Each cropping
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system was repeated three times with a random distribution for each repetition, and the
plot area was 667 m?. Field ridges (30 cm height x 60 cm width) were built to separate
the plots. In RFD, 300 fish and 25 ducklings were introduced into the rice field during
the rice growth period, following the implementation steps described by Wang et al. [21].
We did not feed the fish during the growth period. They only fed on insects, grasses, and
plankton in rice fields. High nets were laid around the fields in RFD to prevent ducks
from escaping. We set up duck sheds on the field ridge and fed ducks with maize kernels
(N 1.11-1.49%, P 0.24-0.27% and K 0.28-0.30%). In RPS, three pepper crops were annually
planted during the first half of each year, and then rice was planted. The rice and pep-
per varieties for the experiment were “Zengcheng Simiao Rice” and Capsicum annuum var.
conoides, which were developed by the Agricultural Science Research Institute of Zengcheng
District (Guangzhou, China). Consistent field management practices, following local farm-
ing convention, were applied to each crop annually. Following harvesting, the rice straw
was not incorporated back into the field, leaving only the rice stubble. In this experiment,
furrow irrigation was carried out. Except during the stages of seedling establishment,
booting, and heading, a shallow water layer of 3 cm was maintained in the field, and the
soil was mainly kept moist during the other stages. Compound fertilizer (150 kg-hm~2;
N:P,05:K,0 = 17:6:12) (Fuli Long Compound Fertilizer Co., Ltd., Guangzhou, China) was
applied in each cropping system before transplanting the seedlings. In addition to no
fertilization during the subsequent rice growth process in RFD, 150 kg-hm 2 of urea was
applied in RPS and CRS fields during the tillering and heading stages.

2.2. Soil Collection and Analysis

In 2021 September, the depth of the plow layer (0-20 cm) was determined by excavating
soil profiles in accordance with the “Guidelines for Soil Description and Sampling in the
Field” [22]. Five random soil (topsoil (0-10 cm) and subsoil (10-20 cm)) samples were
collected from each soil layer at every site. The five samples were then combined to form a
composite. These soil samples were divided into three subsamples for separate analyses of
soil chemical properties (at 25 °C), enzyme activity (at 4 °C), and soil microbial communities
(at —80 °C).

Soil properties, such as pH and total and available nitrogen, phosphorus, and potas-
sium, as well as OC fractions, including total organic carbon, easily oxidized organic carbon
(EOC), dissolved organic carbon (DOC), microbial biomass carbon (MBC), and humic acid,
were analyzed following published procedures [23] (Table 1). BG (3-1,4-glucosidase, EC
3.2.1.21), CBH (p-D-cellobiohydrolase, EC 3.2.1.91), and BX (xylosidase, EC 3.2.1.37) were
determined using the 96-well microplate fluorescence assay method [24]. Briefly, 1.0 g
of soil was homogenized with 125 mL buffer (50 mM sodium acetate buffer) to extract
the enzymes. Soil slurries (200 uL) and 50 pL of 200 uM fluorometric substrate proxies
specific to each enzyme were added to a 96-well microplate. Three analytical replicates and
one control (sample without the substrate) were conducted for each sample. Finally, the
intensity of fluorescence was determined by a microplate reader (Spectra Max M5, Molec-
ular Devices, Sunnyvale, CA, USA). The enzyme substrates for BG, CBH, and BX were
4-MUB-3-D-glucoside, 4-MUB-{3-D-cellobioside, and 4-MUB-f3-D-xyloside, respectively,
with 4-methylumbelliferone as the reference standard.

2.3. Microbial Community Composition

We determined soil microbial community composition via phospholipid-derived
fatty acids (PLFAs) [25]. Extraction of PLFAs was performed using 8 g freeze-dried soil,
and each PLFA concentration was determined using an internal standard concentration
of non-adecanoic acid methyl ester (19:0). The concentration of PLFAs for microbial
groups was calculated [26,27]: for Gram-positive bacteria (GP), sum of i14:0, a15:0, i15:0,
i16:0, a17:0, and i17:0; for Gram-negative bacteria (GN), sum of 16:1w7c, cy17:0, 18:1w7c,
and cy19:0; for total bacteria (BAC), apart from GP and GN, 17:0 and 18:0 were also
included; for total fungi, sum of 18:1w9¢c and 18:2w 6,9c. For arbuscular mycorrhizal fungi,
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16:1w5c was calculated. In addition, the proportions of the three PLFA functional groups
were calculated as follows: ratio of GP/GN, ratio of fungi to bacteria (F/B), and cy/pre

((cy17:0 + cy19:0)/(16:1w7c + 18:1w7c)) [28].

Table 1. The abbreviations and assay method.

Abbreviations  Full Name Assay Method

pH Potentiometer method

TN Total nitrogen Semi-micro Kjeldahl method

TP Total phosphorus HF-HCIO4-HNOj3 digestion

TK Total potassium HF-HCIO4-HNO3 digestion

AN Available nitrogen Alkalolysis diffusion method
NaHCOj leaching-spectrophotometer

AP Available phosphorus (V2200, Sunny Hengping instrument Co.,
Ltd., Shanghai, China)

AK Available potassium CH3COONHy leaching-flamephotometer

OoC Soil organic carbon H)S04-K,Cr;O7 external heating method
Deionization leaching-elemental analyzer

DOC Dissolved organic carbon (CE—440, DHJ Analysis Co., Ltd.,
Beijing, China)

EOC Easily oxidized organic carbon ~KMnO, oxidation method

MBC Microbial biomass carbon Egi%riﬁfg(i?;ggg? ;ircl);-}ll:;(:;ssium sulphate

HA Humic acid NayP,07-NaOH leaching and HySOy4

FA Fulvic acid digestion

BG [3-1,4-glucosidase

CBH Cellobiohydrolase A 96-well fluorometric plate reader method

BX Xylosidase

Total PLFAs Total phospholipid fatty acids

GP Gram-positive bacteria

GN Gram-negative bacteria

BAC Bacteria

FUN Fungi

AMF Arbuscular mycorrhizal fungi ~ Bossio and Scow [18]

Ratio of Gram-positive
GP/GN bacteria to Gram-negative
bacteria
F/B Ratio of fungi to bacteria
cy/pre Ratio of cyclopropyl PLFAs to

precursors PLFAs
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2.4. Statistical Analysis

Blair et al. [29] posited that the instability of OC can be defined as the ratio of stable
OC and the difference between total OC and stable OC. We define a stability index for OC
as the difference between 1 and the instability of OC, calculated as follows [30]:

SOC =1 — [EOC/(SOC — EOC)]

where EOC is easily oxidized OC (g-kg~!) and SOC is total OC (g-kg ™).
Soil C—hydrolyzing enzyme activity was evaluated using the geometric mean index
(GMEA) and integrated total enzyme activity index (TEI) [10,31]. The calculation formulas

are as follows:
GMEA =+v/BGxCBHxBX

i E;
TEL =Y,

where E; represents enzyme i activity and E; represents the mean value of enzyme i activity
for all soil samples.

One-way analysis of variance and least significant difference test were used to analyze
differences in soil variables under different cropping systems (p < 0.05). The processing
effect was expressed as the increment of each variable in RFD relative to that in CRS and
RPS, and the t-test was used for difference analysis. Statistical analyses were performed
using SPSS version 24.0 (IBM, Chicago, IL, USA). Principal component analysis was used
to explore differences in soil PLFAs among the different cropping systems. A correlation
matrix of soil variables and soil PLFAs was plotted using Origin 2020 (OriginLab Corp.,
Northampton, MA, USA). Structural equation modeling (SEM) was used to investigate
how soil variables affected soil microbial community characteristics using R 4.2.1 software.

3. Results
3.1. Soil Nutrients

Cropping system choice significantly influenced the pH and soil nutrient content
throughout the plow layer (Table 2). Total NP and available NP were 29.55-91.24% and
70.33-202.43% higher, respectively, after RFD than after CRS. No significant changes were
found in K between RFD and RPS, except for available K, which differed in the top-
soil. Total and available nutrient content in the entire plow layer was 33.72-109.14% and
41.83-357.03% higher, respectively, after RFD than after RPS. Notably, the RFD subsoil had
a lower pH and available K content than RPS subsoil.

Table 2. Magnitude of the effects of rice-fish-duck system (RFD) on soil nutrients with respect to
rice-pepper rotation system (RPS) and conventional rice cropping system (CRS).

RFD vs. CRS RFD vs. RPS
Variables
Topsoil Subsoil Topsoil Subsoil

pH 16.43 £1.54* 16.94 +2.36 * 2.65 £0.36* —0.72£191ns
N 41.69 4+ 10.53 * 41.33 +-4.98 * 36.24 +2.19°* 63.11 £2.33*
TP 88.07 £ 2.80 * 8191 £1.94* 69.21 £4.48* 54.71 £2.01*
TK 544 £ 5.74 ns —7.79 £347ns 104.64 £ 6.19 * 90.19 £9.67 *
AN 76.26 £5.34 * 7338 £242* 53.93 +£4.37 % 76.06 £0.45*
AP 197.46 £ 533 * 187.04 £9.87 * 274.01 £9.23 % 359.31 +9.50 *
AK 11230 £ 7.41* 15.42 +10.37 ns 41.83 - 4.58 * —2426 +£4.84*

For each variable, t-tests were used to detect significant differences between RFD and CRS (RPS): ns, p > 0.05;
*, p < 0.05. RFD, rice—fish-duck integrated cropping system; RPS, rice-pepper rotation system; CRS, conventional
rice cropping system. TN, total nitrogen; TP, total phosphorus; TK, total potassium; AN, available nitrogen;
AP, available phosphorus; AK, available potassium.
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3.2. Soil Organic Carbon Fractions

RFD and CRS (RPS) showed noticeable differences in soil OC fractions (Table 3).
The soil OC fractions of the entire plow layer were 31.72-233.99% higher after RFD than
after CRS, with the highest increases found in the topsoil and subsoil for MBC and EOC,
respectively. Similarly, the soil OC fractions of the entire plow layer, except for DOC in the
subsoil, were 11.36-485.13% higher after RFD than after RPS, with the highest increases
found in the topsoil and subsoil for humic acid and EOC. Furthermore, RFD exhibited the
lowest OC stability, 8.79% lower than that of RPS (Figure 1).

Table 3. Magnitude of the effects of rice-fish—duck system (RFD) on soil organic carbon fractions
with respect to rice-pepper rotation system (RPS) and conventional rice cropping system (CRS).

RFD vs. CRS RFD vs. RPS
Variables
Topsoil Subsoil Topsoil Subsoil
ocC 38.39 £3.04 % 35,55 +£1.42* 21.36 £0.35* 32.54 £3.38*%
EOC 2231 £596* 178.41 +£3.89* 107.77 £1497* 44435 1+ 43.18*
DOC 33.28 £2.45* 55.23 £2.90* 12.25 £1.07*% 6.11 +3.36 *
MBC 216.44 +15.75* 51.87 +10.95* 58.02 + 14.18 * 78.39 + 6.35ns
HA 5715 £7.59* 84.87 £13.21* 126.74 +4.09 * 113.80 + 12.46 *
FA 66.82 +4.45*% 55.36 £1.73 % 20.20 £5.18* 2321 +£5.18*
HA/FA —5.82 £3.08 ns 18.98 £+ 8.10 ns 88.85 £ 8.17* 7344 £3.16*%

For each variable, t-tests were used to detect significant differences between RFD and CRS (RPS): ns, p > 0.05;
*, p < 0.05. RFD, rice—fish-duck integrated cropping system; RPS, rice-pepper rotation system; CRS, conventional
rice cropping system. OC, organic carbon; EOC, easily oxidized organic carbon; DOC, dissolved organic carbon;
MBC, microbial biomass carbon; HA, humic acid; FA, fulvic acid; HA /FA, ratio of humic acid to fulvic acid.

—_—
—

NS

I .
I I I
RFD RPS  CRS

—_
S
|

<
o
|

Stability of soil organic carbon

e
o0

Figure 1. Stability of soil organic carbon under different cropping systems. * Indicates significant
differences at p < 0.05; NS, not significant. RPS, rice-pepper rotation system; CRS, conventional rice
cropping system.

3.3. Soil C-Hydrolyzing Enzyme Activity

The responses of soil C-hydrolyzing enzymes to the cropping systems varied. BG
and BX activities were 30.53—49.52% and 28.08-38.33% higher, respectively, after RFD than
after RPS and CRS; however, CBH activity remained unchanged (Figure 2a—c). The mean
GMEA values for RFD, RPS, and CRS were 211.64, 170.59, and 165.44 RFD, respectively
(Figure 2d). GMEA was 22.83-25.18% and 23.94-31.69% higher after RFD than after RPS
and CRS, respectively. The mean TEI values of RFD, RPS, and CRS were 3.48, 2.80, and
2.72, respectively (Figure 2e). Significantly, TEI was 22.97-25.62% and 23.34-32.08% higher
after RFD than after RPS and CRS, respectively.
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Figure 2. Soil C-hydrolyzing enzyme activities: (a) BG; (b) CBH; (c) BX, geometric mean index
(GMEA) (d); and total enzyme activity index (TEI) (e) under different cropping systems (mean =+ SE).
Different letters indicate significant differences between cropping systems at p < 0.05 level. RPS,
rice-pepper rotation system; CRS, conventional rice cropping system. BG, 3—1,4-glucosidase; CBH,
Cellobiohydrolase; BX, Xylosidase.

3.4. Soil Microbial Community Characteristics

Comparisons between cropping systems showed similar trends in the concentrations
of total PLFAs and PLFA groups (Figure 3). The highest concentration of each PLFA
group in the topsoil was observed in RFD, followed by RPS and CRS. Furthermore, the
concentration of each PLFA group in RFD was significantly higher than those in RPS and
CRS throughout the topsoil. In the subsoil, the concentration of each PLFA group was
significantly improved after converting from CRS to RFD, but there was no significant
difference in concentrations between RFD and RPS. Cropping systems significantly affected
GP/GN and cy/pre but had a limited impact on soil F/B (Figure 4). Soil GP/GN was
significantly lower after RFD than after CRS, whereas GP/GN was higher to varying
degrees after RFD than after RPS (Figure 4a). The ratio of cy/pre was 21.36-58.74% and
55.52-73.48%, lower after RFD than after RPS and CRS, respectively (Figure 4c).

3.5. Relationship between Soil Microbial Community and Soil Variables

PC1 represented 74.30% and 75.71% of soil microbial community in the topsoil and
subsoil, respectively (Figure 5). Soil microbial communities were significantly impacted by
the cropping system, with most soil microbial indicators pointing toward RFD throughout
the plow layer, indicating its benefits to soil microbes. Soil nutrients, OC fractions, and
C-hydrolyzing enzyme activity varied under the different cropping systems (Figure S1),
affecting the composition and functional characteristics of soil microbes (Figure S2). SEM
revealed how the cropping system affected soil microbial abundance and functional charac-
teristics, and 80% of PLFA and 91% of cy/pre variations were explained by soil nutrients,
OC fractions, and C-hydrolyzing enzyme activity (Figure 6a). Higher MBC was the most
significant influencing factor increasing overall soil microbial abundance (Figure 6b). pH
had a significant negative impact on the cy/pre ratio, whereas the stability of soil OC had
a positive impact. pH can directly or indirectly affect the cy/pre ratio by changing the
C-hydrolyzing enzyme activity and OC stability.
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Different letters indicate significant differences between cropping systems at p < 0.05 level. RPS, rice—
pepper rotation system; CRS, conventional rice cropping system. GP/GN, ratio of Gram—positive bacteria
to Gram-negative bacteria; F/B, ratio of fungi to bacteria; cy/pre, cyclopropyl PLFAs to precursors PLFAs.
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Figure 5. Principal component analysis of soil microbial community characteristics: (a) topsoil;
(b) subsoil of different cropping systems. RPS, rice-pepper rotation system; CRS, conventional
rice cropping system. GP, Gram—positive bacteria; GN, Gram—negative bacteria; AMF, arbuscular
mycorrhizal fungi. GP/GN, ratio of Gram—positive bacteria to Gram-negative bacteria; F/B, ratio of
fungi to bacteria; cy/pre, cyclopropyl PLFAs to precursors PLFAs.
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Figure 6. Structural equation model revealing relationship soil chemical properties, soil carbon

fractions, C-related enzyme activities, and soil microbial community characteristics (a), and their
total effects derived from structural equation model (b). MBC, microbial biomass carbon; TEI, total
enzyme activity index; SSC, stability of soil organic carbon; cy/pre, cyclopropyl PLFAs to precursors
PLFAs. *, p < 0.05; **, p < 0.01.

4. Discussion
4.1. Response of Soil Organic Carbon Fractions to Cropping Systems

Cropping systems can alter the cycling of matter and energy conversion in paddy
ecosystems, and OC plays a crucial role in determining the biological and physicochemical
characteristics of soil [32]. The four-year field experiments revealed a notable rise in the
OC of plow-layer soil when implementing RFD compared with that under RPS and CRS
(Table 3). These findings align with the results obtained in prior studies [21,33]. Introducing
aquatic animal manure enriched with OC and NPK nutrients (Table S2) was beneficial
for humus formation (Table 3), thereby compensating for the OC loss caused by intensive
cultivation. Bowles et al. [34] suggested that BG activity is a critical factor in the initial
stages of organic matter decomposition. CRS and RPS relied only on the decomposition of
residual rice roots to compensate for soil OC losses, resulting in inadequate BG enzyme
activity (Figure 2) and long-term soil OC deprivation. Conversely, RFD introduced aquatic
animal manure as a C source to support microbial growth and reproduction, leading to
improved soil C turnover (Table 2 and Figure 2).

Notably, paddy soil OC is derived from various sources, including residual rice roots,
insects, grasses, and plankton in the paddy fields. Nevertheless, weed removal can result in
nutrient loss in RPS and CRS. In RFD, aquatic animals consume certain biological resources,
such as plankton, rice pests, and snails, transforming them into soil-available nutrients [17].
Therefore, aquatic animals play a vital role in nutrient cycling and efficient utilization in
paddy fields [35]. Aquatic animals serve the crucial intermediate purpose of improving soil
aeration and contributing to weed suppression by trampling, both of which lead to organic
matter decomposition [36]. These activities enhance soil fertility, promote soil-fertilizer
interactions, and expedite microbial decomposition of residual organic materials, thereby
increasing soil OC content. Under waterlogged conditions, paddy soils accumulate organic
acids that impede rice root development and stifle growth. Additionally, these acids serve
as potent carbon sources for microorganisms, leading to the formation of gases such as
CO, and CHy [37]. Soil bioturbation by fish and ducks effectively inhibits this process.
In summary, OC accumulation is directly linked to the difference between C input and
decomposition loss induced by the cropping system [38].

The cropping system substantially influences soil C pools, particularly active OC pools,
which exhibit high responsiveness to field management practices [33,39]. Active OC (e.g.,
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DOC and MBC) exhibits solubility within the soil and is characterized by a fast migration
rate and instability, making it readily mineralized by microorganisms [40,41]. Generally,
DOC is produced via direct leaching of organic matter or extracellular depolymerization
of enzymes [42]. Remarkably, DOC plays a significant role as an available C source in
maintaining soil microbial metabolic activity [43], despite accounting for only 2.36-3.53% of
OC in soil (Figure S1). MBC directly participates in soil C cycling, represents soil microbial
metabolism intensity, and reflects soil microbial activity [44].

The active OC balance was significantly affected by OC decomposition and alter-
ation, and these changes corresponded to the cropping system. Animal manure generally
contains easily decomposable OC and provides fresh C resources to accelerate microbial
proliferation; therefore, RFD significantly enhances soil active OC [45]. Furthermore, RFD
implementation increased water-dissolved oxygen content via the consumption of plankton
by fish and ducks [13,36] and facilitated active OC production by accelerating mineral-
ization of stable soil-based OC. Previous studies reported that aquatic animals stimulate
rice root growth, increase the volume of organic secretions from the roots, and hasten
conversion of stable to labile humus [9,35]. Overall, RFD markedly enhanced the content
and proportion of active OC (Figure S1). The introduction of aquatic animal manure and
the subsequent increase in microbial biomass provided the necessary basis for active OC
formation (Figure 3). Additionally, bioturbation by aquatic animals improved the nearby
soil environment, creating ideal external conditions for OC mineralization. We found
that active OC content decreased as soil depth increased, indicating that soil active OC
distribution was influenced by notable biological enrichment and surface aggregation [39].
This may be due to the richly developed rice roots in the topsoil accumulating more OC
and nutrients, leading to varying active OC content in the various soil layers. Moreover,
active OC exhibited strong fluidity and small-molecule characteristics [39], which made
it easily leached down by water, resulting in similar active OC content in the plow layers
across the different cropping systems.

4.2. Response of Soil Microbial Community Characteristics to Cropping Systems

The present study found that RFD produced significantly higher total PLFAs than
did CRS, which was linked to bioturbation by fish and ducks. Soil redox potential is a
critical factor affecting soil microbes [46]. Because bioturbation breaks the redox layer and
changes receptor electron effectiveness, RFD affected microbial community composition
and metabolic function. Similar to plowing’s effect on dryland farming systems, biotur-
bation stimulates rice root growth and amplifies nutrient uptake and root immobilization
efficiency [16,47]. Further analysis revealed that the impact of the cropping system on C
resources exceeded its influence on other nutrients (Table S3). The increase in both total
PLFAs and OC was significantly associated with the cropping system (Figure S3). This
finding aligns with previous research suggesting that soil C resources drive microbial
development [32]. SEM demonstrated that MBC, rather than OC, significantly explained
variations in the soil microbial community (Figure 6b). Research has demonstrated that soil
microbes respond differently to soil C, which modifies the composition of their membrane
fatty acids based on OC availability [46]. RFD increased active OC input through fish
and duck manure, thereby augmenting the MBC essential for soil microbes. Overall, OC
availability, rather than quantity, changed the soil microbial community following cropping
system implementation.

Fungi and bacteria both serve as decomposers of soil organic matter. Nevertheless,
their varying preferences for C substrates result in different environmental responses [12].
Bacteria respond positively and rapidly to high C availability, whereas fungi grow slowly
and adopt a conservative resource-utilization strategy, causing delayed responses [48]. Soil
microbes in RFD had the potential to propagate quickly using aquatic animal manure and
promote decomposition of soil C substrates. The decomposition of exogenous C can be
divided into two stages. Initially, non-structured compounds present in the organic matter
are assimilated into the microbial biomass at a relatively high rate [49]. The utilization
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of easily decomposable and unstable C resources is prioritized by r-strategist microbes
(bacteria), which play a crucial role [50]. After depletion of easily decomposable and unsta-
ble C, fungi propagate using recalcitrant or structured C, and are considered oligotrophic
K-strategist microbes [51]. We found that the relative abundance of bacteria and fungi
was 22.34-34.22% and 4.01-7.03%, respectively (Figure S2), confirming the dominance of
bacteria among the overall soil microbes. Interestingly, although increases in both bacteria
and fungi were detected in this study, the soil F/B ratio remained unchanged owing to
synchronized increases. Recent research indicated that fungi were capable of decomposing
recalcitrant C and effectively utilizing unstable C [52]. The significant association between
increased active OC and fungal concentration supports this conclusion. GP and GN utilized
substrates with strategies similar to those of fungi and bacteria, respectively, with corre-
sponding variations in abundance consistent with those observed for fungi and bacteria.
Our study found that GP/GN and GN were significantly correlated with active OC [53],
indicating that the decline in the GP/GN ratio and heightened GN proliferation may be
attributed to abundant C substrates. Thus, the soil microbes in RFD were dominated by GN
and bacteria that made good use of organic C, implying that organic matter decomposition
in RFD occurred in the r-strategy stage (Figure S2) due to their ability to recycle and allocate
nutrients from older hyphae for nascent growth [54], which makes them less susceptible to
C substrates.

The cy/pre ratio indicates microbial nutrient stress and changes in microbial com-
munity structure [11,28]. Compared to RPS and CRS, RFD soil had a lower cy/pre ratio,
indicating that soil microbes exist in a relatively relaxed state. This may be attributable
to the decomposition of fish and duck manure, which released active OC and available
nutrients to meet substrate requirements for microbial growth, thereby altering microbial
metabolic characteristics. In addition, soil pH considerably affects soil microbial commu-
nities [55]. Soil pH showed significant positive correlations with each microbial PLFA
group and a negative correlation with the cy/pre ratio throughout our study. Notably, RFD
increased soil pH over CRS levels to a range of 5.79-5.88, accompanied by a considerable
increase in soil active OC and its instability. Therefore, pH may positively and indirectly
affect soil microbial communities via substrate effectiveness (Figure 6a). These results sug-
gest that RFD could alleviate the environmental stress caused by CRS, ultimately creating a
more conducive environment for soil microbe proliferation.

5. Conclusions

Our study provides insights into the impact of soil environment on soil microbial
communities across different cropping systems in a waterlogged paddy field on the Pearl
Delta River. During a four-year field experiment, soil nutrients, organic carbon fractions,
and microbial communities were all affected by the cropping system. Moreover, soil
organic carbon displayed greater sensitivity to cropping systems than to soil nutrients.
Despite the responses of the different organic carbon fractions and individual microbial
PLFAs to different cropping systems, RFD produced greater active organic carbon content
and microbial PLFA concentration, suggesting that active organic carbon contributed to
improved microbial activity. Furthermore, significant changes in soil microbial community
characteristics are induced by soil pH. Simultaneously, a significant correlation between soil
pH and active organic carbon was displayed, which further indicated that the combined
actions of pH and active organic carbon affected the soil microbial community. Active
organic carbon is a valuable indicator of soil microbial reproduction following cropping
system changes. Our research suggests that the increased organic carbon levels and OC
availability induced by integrated cropping systems will greatly improve the soil microbial
community in agricultural fields of the Pearl Delta River.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy14010081/s1, Figure S1. Proportion of soil microbial
biomass carbon (MBC, a), easily-oxidation organic carbon (EOC, b), dissolved organic carbon (DOC,
¢), humic acid (HA, d), and fluvic acid (FA, e) under cropping systems. RFD, rice—fish-duck integrated
cropping system; RPS, rice-pepper rotation system; CRS, conventional rice cropping system. Different
letters indicate significant differences between cropping systems at p < 0.05 level. Figure S2. Relative
abundances of bacteria (a), fungi (b), gram-positive bacteria (c), gram-negative bacteria (d), and
arbuscular mycorrhizal fungi (e), and fungi: bacteria (i) under different cropping systems. BAC,
bacteria; GP, gram-positive bacteria; GN, gram-negative bacteria; arbuscular mycorrhizal fungi. RFD,
rice-fish—duck integrated cropping system; RPS, rice-pepper rotation system; CRS, conventional
rice cropping system. “*” means significant difference at p < 0.05 among different cropping systems.
Figure S3. Relationship between soil nutrient, organic carbon fractions, C-hydrolyzing enzyme
activities, and each individual PLFAs. TN, total nitrogen; TP, total phosphorus; TK, total potassium;
AN, available nitrogen; AP, available phosphorus; AK, available potassium; OC, organic carbon;
EOC, easily oxidized organic carbon; DOC, dissolved organic carbon; MBC, microbial biomass
carbon; HA, humic acid; FA, fulvic acid; HA /FA, ratio of HA to FA; BG, $3-1,4-glucosidase; CBH,
-Dcellobiohydrolase; BX, Xylosidase; TEI, total enzyme activity index. BAC, bacteria, FUN, fungi;
GP, gram-positive bacteria; GN, gram-negative bacteria; AMF, arbuscular mycorrhizal fungi; GP/GN,
gram-positive bacteria to gram-negative bacteria; F/B, the ratio of fungi to bacteria; cy/pre: the ratio
of cyclopropyl to precursors PLFAs. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Table S1. Soil nutrient,
soil carbon indicators and C-related enzyme activities under different cropping systems. Table S2.
Nutrient content of duck manure. Table S3. Sensitivity index of soil chemical properties and soil
carbon fractions to copping systems [56].
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