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Abstract: To investigate the effect of nitrogen application and soil microbial activity on the de-
composition process of stalk material in stalk composite pipes (SCPs) under subsurface irrigation
with stalk composite pipes (SSI), in this study, a field experiment was conducted with two fertiliza-
tion strategies—banding fertilization and SCP fertigation—at three nitrogen doses (126, 168, and
210 kg/ha), and the Biolog Ecoplate™ was employed to determine soil microbial activity. The results
showed that under banding fertilization, the soil microbial activity at 20 cm subsoil and at the SCP
wall increased with the increase in nitrogen dosage, ranging from 37.6% to 54.3% and from 21.5% to
23.7%, respectively. Under SCP fertigation, the soil microbial activity at 20 cm subsoil first showed
a 58% surge, followed by a 3.9% decrease, with no significant variation in soil microbial activity at
the SCP wall. Forty-five days later, the crude fiber content in the SCP wall under SCP fertigation
was 17.6-26.3% lower than that under banding fertilization. Based on the comprehensive analysis of
the soil microbial activity, SCP fertigation combined with high nitrogen application can accelerate
the decay rate of straw in SCPs. This research can provide a reference for formulating irrigation and
fertilization regimes for SSI.

Keywords: stalk composite pipe (SCP); subsurface irrigation; soil microbial community; stalk return;
Biolog Ecoplate™

1. Introduction

Crop residues represent an abundant and renewable biomass resource [1], with their
reintegration into agricultural land recognized as a promising nutrient recycling strategy [2].
Subsurface irrigation with the stalk composite pipe technique (SSI) is a novel fusion of
subterranean watering and crop residue return practices [3]. Its principal component,
the stalk composite pipe (SCP), is composed of a blend of soil, maize stalk fragments,
and water [4]. This facilitates irrigation while simultaneously decomposing to augment
soil fertility. The decomposition pace of the stalk within the stalk composite pipe is piv-
otal to both the efficacy and durability of the system. Soil microbes are instrumental in
the breakdown of crop residues. Studies have shown that increasing microbial activity
and population can accelerate stalk decomposition [5,6]. For instance, research by Hiba
Shaghaleh et al. [7] highlighted the addition of the N fertilizer and microorganisms accel-
erated the straw decomposition. Similarly, Zhang et al. [8]. reported a substantial link
between the decomposition rate of crop residues and the prevalence of soil microbial
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communities. Consequently, the operational lifespan of the stalk composite pipe is closely
interwoven with the vigor of soil microbial processes.

Nitrogen fertilization profoundly influences soil microbial ecosystems [9]. It is a key
agent in enhancing crop yields [10] and is widely utilized in agricultural practices. Current
cultivar development efforts focus on achieving high yields with substantial nitrogen
inputs. Yet, this approach has led to several adverse ecological effects, such as the reduction
of soil biodiversity and fertility [11]. Distinct microbial community structures have been
observed at varying levels of nitrogen supplementation [12]. Studies by Li et al. [13]
demonstrated that nitrogen fertilizer applications could diminish the diversity of bacterial
and fungal communities. Song et al. [14] found that excessive nitrogen application rates,
specifically beyond 16 g N m~2 per year, sharply reduced soil bacterial and fungal diversity.
Conversely, Wang et al. [15] determined that soil microbial metabolic activity, as indicated
by AWCD values, increased with nitrogen applications up to 250 kg/ha and peaked
at this rate. However, beyond this point, nitrogen can suppress microbial metabolic
functions. Stalk material, with its high carbon-to-nitrogen ratio, decomposes slowly in
soil [16]. Nitrogen application, therefore, plays a pivotal role in modulating soil microbial
activity and, consequently, the decomposition of stalks [17]. Liao et al. [18] disclosed that
nitrogen fertilization notably boosts the relative abundance of saprotrophic microbes, which
include wood, plant, and dung decomposers. Li et al. [19] suggested that optimal nitrogen
levels can promote the proliferation of decomposition-facilitating microbes. However, an
excess can stifle microbial activity and impede their decomposing efficacy. Integrating
nitrogen fertilizers with stalk return can circumvent microbial nitrogen competition in soil.
This approach fulfills the nitrogen demand of wheat in its early growth stages [20].

Soil microbial functional diversity is a mirror of the ecological traits of microbial
communities and stands as a crucial metric for gauging soil health and fertility [21]. The Bi-
olog Ecoplate™ is specially crafted for probing bacterial populations in environmental
specimens [22]. It is adept for conducting community-level physiological profiling (CLPP)
of soil biota. CLPP is ascertained by sorting and delineating heterotrophic microbial com-
munities through their unique carbon source utilization profiles [23,24]. Equipped with
three sets of wells, each containing 31 critical carbon sources for CLPP [25], the Biolog
Ecoplate™ offers an expansive insight into six classifications of soil microbial functionalities.
The underlying mechanism of this assay hinges on the microbial consumption of carbon
substrates within the wells, which instigates a colorimetric shift from a colorless triphenyl
tetrazolium chloride to a violet triphenyl formazan [26], thereby signaling the metabolic
activity within each well [27]. The intensity of this color shift, quantified as the average
well color development (AWCD) value, is gauged by absorbance readings post-incubation.
This method is notably straightforward, bypassing the need for culturing isolates while
maintaining the metabolic characteristics of the microbial communities intact [28]. Thus,
the adoption of the Biolog Ecoplate™ has surged as it provides a rapid, data-rich, and
intuitive approach for evaluating the functional diversity of soil microbes [29,30].

While the majority of research on straw return has concentrated on the impact of
various geographical locales and soil types [26], as well as on the return of different crop
residues [27,28] on soil microbial ecology and straw decay, the implications of diverse fer-
tilization approaches and nitrogen levels on the composition of soil microbial communities
and straw breakdown are less understood. In light of this, the current investigation utilized
Biolog Ecoplate™ to scrutinize how dual fertilization methods and trio nitrogen dosing
regimens influence the functionality of soil microbial communities and the decomposi-
tion of straw. The study was driven by three key aims: (1) to elucidate the influence of
distinct nitrogen doses and fertilization techniques on the functionality of soil microbial
communities within the context of SSI, (2) to decode the relationship between straw decay
and the functional diversity indexes of soil microbial communities, and (3) to pinpoint
fertilization practices that fine-tune stalk composite pipe decomposition and govern its
service life. The findings are anticipated to lay a scientific groundwork for developing
efficacious fertilization blueprints for SSI systems.
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2. Materials and Methods
2.1. Study Site

The study was carried out from November 2022 to May 2023 at the experimental field
of the North China University of Water Resources and Electric Power in Zhengzhou, China
(34.7666° N, 113.6712° E). The field is located in the North Temperate Zone, which is subject
to a continental monsoon climate, distinctly partitioned into four seasons. The region
receives an average annual rainfall of 637.1 mm. Characterized as sandy loam, the soil at
the experimental site has a bulk density of 1.4 g/cm?, an organic matter content of 5.45 g/kg,
and a total nitrogen content of 0.33 g/kg, and it maintains a pH of 6.31. The cropping
system in place is a rotation of wheat and corn. The stalk composite pipe, fabricated from
the current year’s corn stover, displayed uniform initial crude fiber content. These stalk
composite pipes, measuring 28 mm in internal diameter and 60 mm externally, were
installed in trenches measuring 20 by 20 cm, which were then in-filled with soil to ground
level as depicted in Figure 1.

Figure 1. Stalk composite pipe placed in the trench.

2.2. Experimental Treatments

The experimental design incorporated six distinct treatments, derived from a combi-
nation of two fertilization approaches and three levels of nitrogen application (referenced
in Table 1). The nitrogen was applied at 70% of three baseline amounts: 180, 240, and
300 kg/ha, respectively. The initial strategy involved fertilizing the winter wheat crop in a
7:3 ratio twice during its growth period. The chosen fertilizer was a blend of compound
fertilizer and urea. Each plot received 135 kg/ha of P,Os and 75 kg/ha of K,O. For the
banding fertilization method, fertilizers were incorporated into the soil parallel to the wheat
rows. They were spaced 40 cm apart and at a depth of 5 cm, as illustrated in Figure 2.
Fertilization was conducted prior to irrigation. In the case of SCP fertigation, the fertilizer
was dissolved in water and introduced into the stalk composite pipe using a Markov bottle.
This method was utilized to irrigate the winter wheat throughout its growing season.
Markov bottles, a tool for ensuring consistent irrigation, dispensed 60 mm of water per
irrigation event. It is important to note that all the treatments were subjected to identical
irrigation frequencies and volumes.
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Table 1. Experimental design.

Treatment Fertilization Methods N Levels (kg/ha)
F1 banding fertilization 126
W1 SCP fertigation 126
F2 banding fertilization 168
W2 SCP fertigation 168
F3 banding fertilization 210
W3 SCP fertigation 210

Pipe, connected with

the Markov bottle Backfilled soil

fertilization [

Sample I

Maize stalks

A
Figure 2. Schematic layout of the experimental plot.

The experimental plots were designed with dimensions of 4.0 m in length and 3.0 m in
width. Within each plot, three stalk composite pipes were installed as replicates. These stalk
composite pipes were arranged 1.0 m apart from each other and buried at a depth of
0.2 m. The installation of the stalk composite pipes was completed on 7 November 2022.
Subsequently, winter wheat of the variety Zhengmai 136 was sown on 9 November 2022.
The seeding rate was 200 kg/ha with a row spacing of 20 cm. The orientation of the
wheat seeds was perpendicular to the stalk composite pipe, ensuring optimal distribution
relative to the irrigation system. The inaugural irrigation and fertilization session was
conducted on 11 December 2022. It is noteworthy that for the SCP fertigation, the quantity
of fertilizer introduced during this initial irrigation matched that of the banding fertilization.
This standardization allowed for a fair comparison between the two fertilization strategies,
ensuring that any observed differences in wheat growth or soil health could be attributed
to the method of application rather than the amount of fertilizer used.

2.3. Sample Collection and Determination

Soil and straw samples were systematically collected from the experimental plots to
assess the impact of different fertilization methods and nitrogen application rates on soil
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microbial activity and straw decomposition. On 15 December 2022, soil samples were
gathered, followed by straw sampling on 1 March 2023. The sampling was executed in
two distinct areas: (I) from the 20 cm subsoil layer within the plots, excluding the vicinity
of the stalk composite pipes, and (II) directly from the walls of the stalk composite pipes.
For the soil samples I, a mixed sampling technique was employed, utilizing the five-point
method at a depth range of 0-20 cm. Given the uniformity of the stalk composite pipes
within the plot, samples II and the straw residues were specifically collected from the stalk
composite pipe’s end to facilitate destructive analysis, adhering to standard protocols for
sample preparation and analysis.

The microbial consumption of carbon sources within the soil was evaluated using the
Biolog Ecoplate™ (Biolog Inc., Hayward, CA, USA), in line with methodologies outlined
by Garland and colleagues [24], as well as by Zhang and team [31]. A fresh soil sample
equivalent to 10 g of dry soil was taken and placed into a sterile conical flask. Then, 90 mL
of a sterilized 0.85% saline solution was added. The mixture was then agitated at 25 °C
and 250 rpm for 30 min in a shaking incubator. Following a 30 min settlement period,
the supernatant was diluted 1000-fold. Subsequently, 150 pL of this soil suspension was
dispensed into each well of the Biolog Ecoplate™ and incubated at 25 °C over 7 days, with
the absorbance at 590 nm (ODsgg) recorded daily.

The decomposition rate of the stalk composite pipes was inferred from the crude
fiber content in the straw samples, consisting of hemicellulose, cellulose, and lignin, with
cellulose and hemicellulose being predominant in the residues post-decomposition. Crude
fiber content was quantified using a JT-CXW-6 crude fiber tester. The straw samples
underwent acid-alkali hydrolysis to determine the crude fiber content by the resultant
weight change of the samples. This provided insights into the decomposition efficacy of
stalk composite pipe within the tested fertilization and nitrogen application frameworks.

2.4. Statistical Analysis

The average well color development (AWCD) in the Biolog Ecoplate™ (Biolog Inc.,
Hayward, CA, USA) is a metric for evaluating the soil microbial community’s overall effi-
cacy in carbon source utilization [32]. A higher AWCD signifies enhanced microbial activity,
greater population density [8], and an increased capacity for stalk decomposition [18].
This study delineates soil microbial diversity and functionality through the Shannon Index
(H), Simpson Index (D), Evenness Index (E), and McIntosh Index (U), calculated using
ODsg readings at 144 h (6 days). These indexes offer insights into the variety, dominance,
uniformity, and ecological balance of microbial species and their roles in soil health.

P; = (Ci—R)/) (Ci—R) 1)
AWCD =) (C;—R)/31 2)
H =-Y (P;xInP) (3)
D=1-)P? (4)
E=H'/InS (5)

U=,/Y n? (6)

C; represents the ODsg value of the ith well, while R represents the optical density
value of the control. #n; is the ODsgy value for a specific substrate. P; is the ratio color
development of the ith well compared to the total color development of all the wells [33]. If
Ci —R<0,p=0.IfC; — R > 0.25, it means that the pore carbon source is utilized, and S
represents the number of holes utilized.

The formula for calculating crude fiber content is as follows:

CF% — % % 100% @)
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The mass of the sample is denoted by m. The weight of the crucible and sample residue
after drying at 130 degrees Celsius for 2 h is denoted by m1, while m; denotes the weight of
the crucible and sample residue after drying at 500 degrees Celsius for 1 h.

The basic data in this study were organized in Microsoft Excel 2016. In addition, one-
way ANOVA in SPSS 18.0, two-way ANOVA and principal component analysis, and the
main graphing in this study used the Origin 2024. A two-way ANOVA analysis was used to
evaluate the impact of the fertilization methods and nitrogen levels on the soil microbial
functional diversity indexes and the utilization of six carbon groups. Additionally, principal
component analysis was employed to examine the microbial utilization of 31 carbon sources.

3. Results
3.1. Soil Microbial Carbon Source Metabolic Activity

Figure 3 depicts the changes in AWCD values under different treatments. From
Figure 3, it can be observed that the AWCD values gradually increase over time. Between
24 and 72 h of incubation, there is a noticeable growth surge followed by a slowdown
after 72 h. This growth pattern is consistent with what is typically observed in microbial
cultivation. At 24-72 h, the growth rate of sample Il exceeded that of sample I. This indicates
that the AWCD values at the stalk composite pipe wall grew faster than those of the 20 cm
subsoil layer. The AWCD values of sample II were all higher than those of sample L.

—8—F1—e— W1 4- F2—-v--W2—¢-F3 - W3
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Figure 3. Changes in AWCD values under different treatments. (a) Changes in AWCD values of
sample I; (b) Changes in AWCD values of sample II. Sample I: The 20 cm subsoil layer; Sample II:
The stalk composite pipe’s wall.

Figure 4 represents the AWCD values after 144 h of incubation under different treat-
ments. Banding fertilization resulted in significant increases in F2 and F3 in both sample I
(37.6% and 54.3%, respectively) and sample II (21.5% and 23.7%, respectively) compared
to F1. The AWCD values gradually increased as the amount of fertilizer applied during
banding fertilization increased, indicating the soil microbial activity. Applying SCP ferti-
gation resulted in a 58% increase in W2 and a —3.9% decrease in W3 compared to W1 in
sample L. In sample II, SCP fertigation led to an 8.4% increase in W2 and a —1.2% decrease
in W3 compared to W1. When SCP fertigation was used, the AWCD value of sample I
showed a trend of initially increasing and then decreasing with the increase in fertilizer.
However, there was no significant difference between the various fertilizer application rates
of sample II. The AWCD value of F3 for sample I was significantly higher than the other
treatments (p < 0.05). There was no significant difference (p < 0.05) between the treatments
for sample II, except for the F3 treatment, which had a significantly greater AWCD value
than F1. The AWCD values of sample II consistently surpassed those of sample I. When the
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nitrogen application was the same, there was no significant difference between banding
fertilization and SCP fertigation for Sample II.

[[]Banding fertilization[__| SCP fertigation

a
ab I
154 151 ab s | ab
A E
a |
QIO — = === —mm — - — - E---4 gut+t-A4--|--F-t-4--F -1
= 2 g =
< ¢ <
c 25
0.5 1 d d 0.54
0.0 0.0
N126 N168 N210 N126 N168 N210
(a) (b)
Figure 4. The AWCD values after 144 h of incubation under different treatments. (a) The AWCD
values after 144 h of incubation for sample I; (b) The AWCD values after 144 h of incubation for
sample II. Different lowercase letters indicate significant differences at the p < 0.05 level between
different treatments at the same sampling place.
3.2. Soil Microbial Community Diversity
Table 2 summarizes the impact of fertilization methods and nitrogen levels on the soil
microbial functional diversity indexes. The method of fertilizer application significantly
influenced the Evenness Index (E) in sample I. The nitrogen application rate, the method of
fertilizer application, and their interaction all significantly impacted the Shannon Index
(H'), Simpson Index (D), and Evenness Index (E). Conversely, only the interaction between
nitrogen application and the fertilizer method notably affected the McIntosh Index (U) in
sample I (p < 0.01).
Table 2. Analysis of variance (p values) of the effects of soil with different fertilization methods and
N levels on the soil microbial functional diversity indexes.
Index Sample I Sample II Index Sample I Sample II
Methods H 0.764 0.000 ** D 0.308 0.000 **
N levels 0.001 ** 0.000 ** 0.000 ** 0.000 **
Methods x N levels 0.000 ** 0.000 ** 0.000 ** 0.000 **
Methods E 0.000 ** 0.000 ** u 0.212 0.536
N levels 0.001 ** 0.000 ** 0.259 0.854
Methods x N levels 0.000 ** 0.000 ** 0.000 ** 0.130

Note: Two-way ANOVA was applied to indicate a significant difference among variances. ** indicates a significant
difference at p < 0.01. H’, Shannon index; D, Simpson index; E, Evenness index; U, McIntosh index.

Table 3 presents the diverse functional diversity indexes of soil microbial communities
under different treatments. The E index of sample I exhibited a significantly greater value
with SCP fertigation compared to banding fertilization at the same N application rate, as
indicated in Table 3. Upon analyzing treatments using the same fertilization method but
varying nitrogen application levels, the results are as follows. In banding fertilization, the
H', D, and E index values demonstrated an increase with higher nitrogen application rates.
For sample I, the H’, D, and E index values of F2 and F3 were 4.7% to 6.8%, 1.5% to 1.9%,
0.9% to 2.0%, and 22.4% to 32% higher than those of F1. For sample II, F2 and F3 showed
increases of 2.2% to 2.8%, 0.45 to 0.55%, and 1.2% to 2.0% in the H’, D, and E index values
compared to F1, respectively.
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Table 3. Functional diversity indexes of soil microbial communities under different treatments.

Sample Treatment Shannon Index (H')  Simpson Index (D) Evenness Index (E)  McIntosh Index (U)
F1 2.870 £ 0.068 b 0.932 £+ 0.005 b 0.963 £0.013d 5.076 £ 0.379 cd
W1 2.314 +0.076 c 0.888 £ 0.008 ¢ 0.991 £ 0.009 b 4.541 £ 0.356 de
F2 3.006 £ 0.002 a 0.946 + 0.000 a 0.972 £ 0.001 cd 6.214 + 0.039 ab
I W2 2.813 £0.046 b 0.933 £ 0.002 b 0.986 + 0.005 bc 5.542 £+ 0.335 bc
F3 3.068 £ 0.033 a 0.950 £ 0.002 a 0.983 +£ 0.005 bc 6.727 £+ 0.662 a
W3 2.335 £ 0.086 ¢ 0.891 £ 0.008 ¢ 1.029 £ 0.011a 4312 £0.389 e
F1 3.313 £0.004 e 0.961 +0.001 d 0.974 £ 0.001 c 7.337 £ 0.758 a
W1 3.366 £ 0.003 d 0.964 + 0.000 d 0.990 £ 0.001 ab 7.604 +0.743 a
F2 3.387 £ 0.000 b 0.965 £ 0.000 b 0.986 £ 0.000 b 8.395 + 0.027 a
I W2 3.368 £ 0.002 d 0.965 £ 0.001 b 0.990 + 0.001 ab 8.168 +0.943 a
F3 3.409 £ 0.001 a 0.966 £ 0.000 a 0.993 £ 0.000 a 8.387 £ 1.078 a
W3 3.374 £0.002 ¢ 0.964 + 0.000 ¢ 0.986 £ 0.006 b 7.484 + 0.687 a

Note: Different lowercase letters indicate significant differences at the p < 0.05 level between different treatments
at the same sampling place.

When SCP fertigation was applied to sample I, there were no significant differences
in the H and D index between W1 and W3. The values for H' were 17% to 17.7% lower
than that of W2, while the values for D were 4.5% to 4.8% lower than that of W2. Moreover,
the E index showed no significant difference between W1 and W2, but it was 3.7% to 4.2%
lower compared to W3. For sample II, there were no significant differences between the
three treatments in terms of the E and U index. Additionally, the H" indexes of W1 and W2
were not significantly different from each other. However, they were slightly lower (0.17%
to 0.24%) compared to that of W3. The D indexes of W1 and W3 were not significantly
different and were 0.07% lower than W2.

The combined analysis of the six treatments, considering the interaction between
nitrogen application and the fertilizer method, yielded the following results. In sample I,
F2 and F3 had the most significant impacts on the H’, D, and U indexes, while W3 had a
pronounced effect on the E index. For sample II, F3 demonstrated substantial influences on
the H' and D indexes, whereas F3, W1, and W2 exerted notable effects on the E index.

3.3. Principal Component Analysis of Carbon Source Utilization by Soil Microbial Communities

To delve into the variations in functional diversity of the soil microbial communities
across the distinct fertilization regimes, principal component analysis (PCA) was employed
to examine the microbial utilization of 31 carbon sources. Principal component analysis
is a statistical method that reduces data volume while retaining all the captured informa-
tion [34]. Utilizing AWCD values at 144 h of incubation, principal component analysis
facilitated the exploration and subsequent elucidation of these variations. A scatter plot,
generated from the score coefficients of the treatments on the first two principal components
(PC1 and PC2), positioned PC1 on the x-axis and PC2 on the y-axis (referenced in Figure 5).
In the principal component analysis context, the proximity between sample points indicates
lesser differentiation in the metabolic capabilities of microbial communities. According to
Figure 5, sample I, representing soil microorganisms, exhibited minimal variation across
the fertilization treatments. This suggests a more uniform microbial metabolic function.
Conversely, sample II displayed marked spatial segregation and a pronounced divergence
in microbial community structure among the fertilization treatments. This suggests that the
microbial ecosystem is less stable. Thus, the microbial communities in sample I, subjected
to various fertilization treatments, showcased higher resilience and uniformity in metabolic
function compared to those in sample II. This suggests that the microbial ecosystem in the
20 cm subsoil layer is more stable than that on the stalk composite pipe wall under different
fertilization conditions.
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Figure 5. Principal component analysis of soil microbial community utilizing carbon sources under
different treatments. (a) The soil microbial community utilizing carbon sources in sample I; (b) The soil
microbial community utilizing carbon sources in sample II.

The Biolog Ecoplate™ sorts carbon sources into six categories based on the chemical
characteristics of organic compounds, microorganism metabolic pathways, and their ecolog-
ical functions. These categories include carbohydrates (CH), amino acids (AA), carboxylic
acids (CA), amines (AM), phenolic acids (PA), and polymers (PM) [35]. The consumption
of these varied carbon sources by soil microbes may reflect their metabolic capabilities.
The 31 carbon sources were grouped into six principal carbon categories for principal
component analysis. The significance of each carbon source’s substrate on the principal
component analysis is denoted by the magnitude of its loading factor; a larger factor indi-
cates a higher influence [36]. According to Figure 6 in sample I with banding fertilization,
carboxylic acids predominantly influence PC1 (with a coefficient exceeding 0.50), whereas
amino acids and amines are key contributors to PC2. In the context of SCP fertigation
for sample I, amino acids significantly impact PC1, while carboxylic acids are major con-
tributors to PC2. For sample II under banding fertilization, phenolic acids notably affect
PC1, with polymers playing a significant role in PC2. With SCP fertigation in sample II,
carboxylic acids and polymers are substantial contributors to PC1, whereas carbohydrates
and amino acids greatly influence PC2. This illustrates that the utilization of the six major
carbon groups varies not only by fertilization method at the same location, but also by
location for a given fertilization approach.

3.4. Effect of Fertilization Practices on the Utilization of the Six Major Carbon Groups by
Soil Microorganisms

Table 4 details the impact of the fertilization methods and nitrogen levels on the
utilization of these six carbon groups. The fertilizer application method notably influenced
the uptake of CH, AA, and CA in sample I, and PA and PM in sample II. Nitrogen levels
significantly affected the consumption of CH, CA, and PM in sample I, and AA, CA, AM,
and PM in sample II. Furthermore, the interaction between the fertilization method and
nitrogen application was found to significantly impact the utilization of CH, AA, and AM
in sample I, and all the carbon sources except CH in sample II. Thus, both the method
of fertilizer application and the level of nitrogen application, along with their interaction,
exert significant effects on the consumption patterns of the six primary carbon groups by
the soil microbial communities.
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Figure 6. Principal component analysis of soil microbial utilization of the six main C groups under
different treatments. (a) Banding fertilization of sample I; (b) SCP fertigation of sample I; (c) Banding
fertilization of sample II; (d) SCP fertigation of sample II. Six carbon source types: CH, carbohydrates;
CA, carboxylic acids; AA, amino acids; PM, polymers; PA, phenolic compounds; AM, amines.
Table 4. Analysis of variance (p values) of the effects of soil with different fertilization methods and
N levels on six major C groups.
C Sample  Sample C Sample Sample C Sample  Sample
Groups I II Groups I II Groups I II
Methods CH 0.000 ** 0.238 AA 0.001 ** 0.862 CA 0.011* 0.103
N levels 0.011* 0.095 0.470 0.027 * 0.004**  0.000 **
Methods x N levels 0.003 ** 0.249 0.030 * 0.000 ** 0.088 0.000 **
Methods AM 0.985 0.535 PA 0.501 0.008 ** PM 0.386 0.010 *
N levels 0.117 0.000 ** 0.571 0.069 0.045 * 0.006 **
Methods x N levels 0.034 * 0.001 ** 0.060 0.006 ** 0.472 0.010*

Note: Two-way ANOVA was applied to indicate a significant difference among variances. ** indicates significant
difference at p < 0.01; * indicates significant difference at p < 0.05. Six major C groups: CH, carbohydrates; CA,
carboxylic acids; AA, amino acids; PM, polymers; PA, phenolic acids; AM, amines.

Based on the two-way ANOVA outcomes, further analysis on the microbial consump-
tion of the six carbon sources was conducted. Table 5 presents the AWCD values for the
six primary carbon groups by soil microbes under varied treatments. When applying
identical nitrogen amounts and comparing fertilization methods, the following was noted:
in sample I, amino acid utilization under F1 exceeded W1 by 172%. Similarly, the utilization
of carbohydrates under F2 was 75% higher than under W2. In addition, the utilization
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rates for carbohydrates, amino acids, and carboxylic acids under F3 were 220%, 218%, and
116% greater than W3, respectively. In sample II, F1’s polymer utilization was 22.3% above
W1, F2’s phenolic acids were 150% more than W2, and F3’s phenolic acids were 96.9%
higher than W3. Hence, banding fertilization enhanced the microbial consumption of the
six carbon groups more effectively than SCP fertigation at equivalent nitrogen levels.

Table 5. Utilization of six major C groups by soil microbes under different treatments.

Sample

Treatment

Carbohydrates

Amino Acids

Carboxylic
Acids

Amines

Phenolic Acids

Polymers

F1
Wi
F2
W2
F3
W3

0.626 + 0.378 ¢
0.448 £+ 0.691 c
0.962 £ 0.553 b
0.549 + 0.520 c
1.288 + 0.733 a
0.403 +0.473 c

1.044 £ 0.962 a
0.384 +£0.729b
0.898 + 0.640 ab
0.968 £+ 0.828 a
1224 +0.715a
0.385 £ 0.624 b

0.692 £ 0.642 bed
0.445 +0.502d
1.087 4 0.848 ab

1.059 + 0.653 abc
1312+ 0.734a
0.606 =+ 0.833 cd

0.631 £ 0.162 ab
1.057 £ 1.090 a
0.975 £ 0.983 a
0.159 £ 0.053 b
0.108 £ 0.048 b

0.486 £ 0.389 ab

0.392 4+ 0.362 ab
0.803 + 0.841 ab
1.238 +1.302 a
0.062 £ 0.020 b
0.845 £ 0.751 ab
1.035 + 1.089 ab

1.094 £ 0.922 a
0.634 = 0.723 a
1.247 £0.741 a
1.304 £ 0.853 a
0.775 £ 0.596 a
0.708 £ 0.678 a

II

F1
W1
F2
W2
F3
W3

1.635 + 0.531 b
1.657 +0.492 b
1.779 4+ 0.348 ab
1.755 + 0.392 ab
1.916 £ 0.355a
1.697 £+ 0.366 ab

1.241 £ 0.266 cd
1.502 £ 0.405 ab
1.447 + 0.446 be
1.743 4+ 0.360 a
1.701 + 0.470 ab
1.106 +0.243 d

1414 +£0.347b
1.568 + 0.403 b
1.795 £ 0.222 a
1.799 £ 0.226 a
1.931 £ 0.218 a
1.525 +0.214 b

0.926 +0.091d
1.290 £0.121 ¢
1.594 4 0.020 a
1.504 + 0.339 ab
1.532 £ 0.118 ab
1.362 + 0.098 be

0.758 £0.513 ¢
1.132 £ 0.747 be
1.589 + 0.535 ab
0.635 + 0.543 ¢
1.948 £+ 0.308 a
0.989 + 0.508 bc

2.312 + 0.456 ab
1.890 £ 0.168 d
2.355+0.183 a
2.242 + 0.236 abc
2.045 £ 0.199 cd
2.090 + 0.219 bed

Note: Different lowercase letters indicate significant differences at the p < 0.05 level between different treatments
at the same sampling place.

When fertilization was consistent, varying nitrogen levels yielded the following:
with banding in sample I, polymer utilization differences across the nitrogen levels were
minimal, while carbohydrates and carboxylic acids saw a progressive increase with nitrogen
augmentation. Carbohydrate consumption by F3 was 106% and 33.9% higher than F1 and
F2, respectively. F3’s carboxylic acids were 89.6% and 90% above F1 and F2. In sample II,
no significant differences were found between F2 and F3 in consuming AA, CA, and AM.
However, F2 outperformed F3 in PM utilization. In sample I, carbohydrate or carboxylic
acid markers could distinguish treatments. It was observed that greater nitrogen levels
led to increased consumption of the six carbon groups. For sample II, F2 showed the
highest utilization.

Under SCP fertigation in sample I, no significant differences were found in carboxylates
and polymers across nitrogen levels. Carboxylic acids’ utilization first rose and then fell
with increased nitrogen, with W2 being 138% and 74.8% above W1 and W3, respectively.
In sample II, carboxylic acids and amines showed similar patterns. There was no marked
difference in amino acid utilization between W1 and W2, nor in polymer consumption
between W3, W1, and W2. Moreover, W2 exhibited a 16.0% and 57.6% higher amino
acid utilization, 14.7% and 18% more carboxylic acids, 16.6% and 10.4% greater amines,
and 18.6% and 7.2% more polymers than W1 and W3, respectively. Thus, with SCP
fertigation, the utilization of the six carbon groups peaked and then diminished with
nitrogen increments, with W2 achieving the highest utilization.

3.5. Crude Fiber Content

Figure 7 illustrates the crude fiber content in the straw at the stalk composite pipe
wall under varied treatments. It reveals no significant disparity in the straw’s crude fiber
content across different nitrogen levels for the same fertilization approach. Moreover, no
marked difference was observed between the F3 and W1 treatments. The accompanying
Table 6 shows a highly significant correlation between crude fiber content and the method
of fertilization in a two-way ANOVA. However, there is no significant correlation with the
level of nitrogen application nor with the interaction between the nitrogen level and fertil-
ization method. The crude fiber content in SCP fertigation was found to be 17.6% to 26.3%
lower than in banding fertilization, thereby enhancing the rate of straw decomposition.
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Figure 7. The crude fiber content of straw in the wall of stalk composite pipe under different
treatments. Different lowercase letters indicate significant differences at the p < 0.05 level between
different treatments.

Table 6. Analysis of variance (p values) of the effects of stalk with different fertilization methods and
N levels on crude fiber content.

CF
Methods <0.0001 **
N levels 0.054
Methods x N levels 0.652

Note: Two-way ANOVA was applied to indicate a significant difference among variances. ** indicates significant
difference at p < 0.01.

Correlation analysis, presented in Figure 8, examined the relationship between the
various indexes and the crude fiber content in the straw. Under banding fertilization,
a negative correlation was noted between the crude fiber content and all the indexes.
Conversely, with SCP fertigation, the crude fiber content exhibited a negative correlation
with nitrogen application and the utilization of carbohydrates and phenolic acids, as well
as with the H' index. On the other hand, it exhibited a positive correlation with the AWCD
value, and the utilization of amino acids, carboxylic acids, amines, and polymers, alongside
the D index.

N levels 1
AWCD I 0.8
0.6
N——F—— . - 0.4
e —— - - 0.2
AM 0
PM -0.2
- -0.4
-0.6
-0.8
-1

Figure 8. Correlation analysis between utilization of carbon sources, soil microbial functional diversity
indexes, N levels, and crude fiber content.
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When considering the effect of nitrogen application on the indexes, it can be seen
that within the banding fertilization scenarios, the most pronounced acceleration of straw
decomposition was observed in F2, while F1 had the least accelerating effect. With SCP
fertigation, W3 led to the most accelerated straw decomposition, whereas W2 had the least
accelerating effect. Overall, the quickest straw decomposition under SSI was achieved with
SCP fertigation at 210 kg/ha N fertilizer, while the slowest was with banding fertilization
at 126 kg/ha N fertilizer.

4. Discussion
4.1. Effects on Soil Microbial Carbon Source Metabolic Activity

AWCD values serve as indicators of carbon source utilization by microbial communi-
ties, reflecting the level of soil microbial activity. N fertilization could significantly change
the composition of soil microbial communities [37,38]. Several studies [15,19] have shown
that AWCD values increase with increasing N application. This was consistent with what
had been observed during banding fertilization in this study. Soil bacteria are more con-
centrated around the rhizosphere. Plants produce more root exudates when they receive
higher levels of macro-nutrients, such as nitrates. This increase in root exudates leads to a
growth in soil microbial populations due to the mutualistic relationship between plants
and microbes. Under SCP fertigation, the microbial activity in sample I exhibited an initial
increase followed by a decline as fertilizer application rates increased, a pattern that echoed
the findings of Li et al. [18]. Notably, AWCD values for sample II consistently surpassed
those of sample 1. This is likely attributable to the additional carbon introduced into the
soil via the straw in sample IL. This influx of carbon promotes microbial decomposition,
supplying the necessary energy for rapid microbial growth and proliferation [39,40]. Addi-
tionally, the preference of bacteria for decomposing labile compounds may further explain
the heightened activity observed in sample II [41].

4.2. Effect of Fertilization Practices on the Utilization of the Six Major Carbon Groups by
Soil Microorganisms

Distinct microbial communities exhibit specific preferences for carbon sources.
Fan et al. [42] suggested that in the early stages of decomposition, microorganisms predom-
inantly metabolized carbohydrates. There was a gradual shift towards increased utilization
of amino acids, amines, and other carbon sources as decomposition advances and microbial
populations expand. According to Luo et al. [43], carbohydrates and amino acids were key
carbon sources distinguishing between different fertilization regimes. This study revealed
that during banding fertilization, differentiation from other treatments in sample I could be
achieved. This could be done through the utilization of either carbohydrates or carboxylic
acids. This aligns with Luo et al.’s findings [43].

The method of fertilizer application, the rate of nitrogen application, and their interac-
tion significantly impacted the consumption of the six major carbon groups. Under SCP
fertigation, the utilization of these carbon groups initially rose with nitrogen application
but then declined. This pattern may be attributed to the complete dissolution of nitrogen
fertilizers in SCP fertigation. It creates temporarily higher concentrations of nitrogen than
in banding fertilization. An overabundance of nitrogen may impede microbial carbon
metabolism and reduce nitrogen efficiency due to delayed consumption [44,45].

The microbial community in the 20 cm subsoil layer demonstrated more stability than
that on the stalk composite pipe wall across various treatments. This stability variance
might be linked to the stalk composite pipe’s incorporation of stalk, which introduced
higher levels of soluble organic materials such as polysaccharides, amino acids, and organic
acids in the initial decomposition phase [46]. Carbohydrate components, which decom-
pose readily, along with amino acids, could quickly influence both the composition and
functional capacity of soil microbial communities [47].
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4.3. Effect on the Crude Fiber Content of Straw

Microorganisms decompose crop stalk components in a preferential order, starting
with soluble substances (such as carbohydrates and proteins), followed by hemicellulose,
cellulose, lignin, and finally aromatic compounds (such as phenols) [48]. The decomposition
of straw in SSI is a slow process due to the bacterial digestion of cellulose, lignin, waxes,
minerals, and silicates. A lower crude fiber content in straw indicates a higher degree
of decomposition. It was observed that SCP fertigation facilitated straw decomposition
more effectively than banding fertilization. The SCP fertigation might have led to increased
nitrogen exposure to the straw. This aligns with Liu et al.’s study [49], which found that
higher nitrogen levels supported a faster rate of straw decomposition. There was no
notable difference between the crude fiber content of the three groups of straws when SCP
fertigation was applied. The slowing down of straw decomposition in the later stage is
likely due to the accumulation of recalcitrant components [40]. It is also possible that this is
because when straw quality was low (e.g., high lignin content), N addition inhibited straw
decomposition. Conversely, when straw quality was high, N addition enhanced straw
decomposition [50].

5. Conclusions

This research explored the impact of varied fertilization approaches on soil microbial
communities under subsurface irrigation with stalk composite pipe systems through field
experimentation. The principal findings include the following:

1. Soil microorganism activity escalates with nitrogen during banding fertilization. Yet,
SCP fertigation exhibited an initial surge followed by a reduction in the 20 cm subsoil
stratum, with no significant variation observed at the stalk composite pipe walls.

2. The method of fertilization has a strong correlation with crude fiber content. Straw
decomposition is markedly faster in SCP fertigation, where crude fiber content is
17.6% to 26.3% lower than in banding fertilization.

3. The fastest decomposition rate is observed with SCP fertigation at 210 kg/ha N
fertilizer, and the slowest with banding fertilization at 126 kg/ha N fertilizer, as
determined by soil microbial activity.

The outcomes offer insights for optimizing fertilization strategies, conserving soil mi-
crobial health, and managing straw decomposition rates in wheat—corn rotations under SSI.
This study has constructive implications for the development of conservation agriculture.
Future investigations should address root development, plant growth to straw degradation,
and bacterial colonization of the soil under different conditions.
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