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Abstract: In order to unravel the effect of aerated irrigation on soil dissolved organic matter (DOM)
fluorescence characteristics, and humification degree, a randomized block experiment was conducted
with three factors and a two-level design, i.e., two irrigation rates (0.6 and 1.0 times of crop evaporation
pan coefficient, W1 and W), two nitrogen application rates (225 and 300 kg hm~2, N and Nj), and
two aeration rates (15% and 0% in control treatment, A; and Ag). Fluorescence regional integration
(FRI) and correlation analysis methods were used to investigate the evolution characteristics of the
soil DOM fluorescence spectrum. Under aerated and conventional subsurface irrigation, soil DOM
components were dominated by humic acid-like substances, fulvic acid-like substances, tryptophan-
like proteins, and supplemented by tyrosine-like proteins and dissolved microbial metabolites. Soil
aeration could promote the consumption of soil DOM components under low irrigation rates and
accelerate the consumption of soil DOM components under high irrigation rates. The humification
index of Al treatments varied from 8.47 to 9.94 during the maturity growth stage of pepper, averagely
increased by 31.59% compared with the non-aeration treatment. To sum up, aerated irrigation
can promote the depletion of small molecular proteins and accelerate nutrient turnover and the
accumulation of big molecular proteins.

Keywords: fluorescence characteristics; humification degree; fluorescence regional integration; subsurface
drip irrigation; soil DOM

1. Introduction

Dissolved organic matter (DOM) is the most important component of agricultural
ecosystems, and its migration and transformation are among the most fundamental pro-
cesses in the biogeochemical cycle [1,2]. It not only reflects soil quality and productivity,
but it also influences the exercise of land ecological function. Furthermore, DOM is an
important reference for determining soil quality [3]. It is made up of a variety of substances
with varying structures and molecular weights [4]. Although soil DOM accounts for a very
small fraction of soil organic matter (SOM) (<5%), it is an extremely active and mobile
component of agricultural SOM [5]. DOM is more sensitive to the response of agricultural
management measures than SOM, and it can reflect the early potential change of SOM [6].
Because the molecular weight is low, microorganisms can directly utilize the unstable
components [7].

Soil water content is closely related to the soil oxygen content in agricultural produc-
tion. Under conventional subsurface drip irrigation (CSDI), irrigation water expels soil air
during the irrigation process or several hours later [8]. Under high soil moisture conditions,
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soil hampered the exchange of O, and CO; in the soil-root-atmosphere system. Even in
CSD], it was extremely simple to cause hypoxia [9,10]. High crop yield [11,12] is difficult
to achieve, limiting the long-term development of facility agriculture. Two of the most
important farming practices were irrigation and fertilization [13]. Aerated irrigation (AI)
has the advantages of CSDI and has the potential to improve soil enzyme activity and
microbial abundance while regulating soil aeration [14]. It was also an effective method
for improving the soil microenvironment [15]. The impact of microorganisms on soil or-
ganic carbon was contentious. Aerated irrigation has gradually gained popularity as drip
irrigation technology has advanced in recent years. Compared to CSDI, Al can improve
soil aeration, increase crop water use efficiency, and effectively alleviate hypoxia in the
rhizosphere soil [16-18], providing technical support for improving crop yield and water
use efficiency. It has emerged as the pinnacle of drip irrigation in facility agriculture. Al can
promote the increase in photosynthetic rate, which leads to the increase in the dry matter
accumulation and yield of plants, so that crops can make better use of soil nutrients [19].

The analysis of DOM composition and humification degree dynamics using Al was
beneficial in understanding the mediation role of microorganisms in agroecosystem soil
carbon turnover. Three-dimensional fluorescence spectroscopy (3D-EEM) is a technique
for decomposing 3D-EEM into individual fluorescence components, which can aid in sub-
stance visualization in the fluorescence intensity state. It is used to analyze components
and mechanisms with varying fluorescence properties in soil DOM [20]. Previous studies
on soil DOM components primarily focused on soil, compound fertilizer, and other single
environmental media [21]. Such use of compound fertilizer could improve soil humifi-
cation degree and the level of soil nutrient supply. Fertilization resulted in terrestrially
derived DOM in high-yield fields, bio-sourced DOM in low-yield fields, and reduced DOM
humification in medium-low-yield fields [22]. Besides, the ratio of fulvic acid-like and
humic acid-like fluorescence peak intensities in water-soluble SOM could characterize its
structural changes, with a larger ratio indicating a greater degree of aging and the humi-
fication of humic substances in water-soluble SOM [23]. Previous research on soil DOM
components primarily focused on soil, compound fertilizer, and other single environmental
media. In contrast, research on the effect of Al on farmland primarily focused on soil
aeration improvement, soil moisture, nutrient regulation, and physiological effect on crops,
among other things. Fluorescence spectroscopy has yet to be used to investigate the effect
of Al on the evolution and structural changes of soil DOM fluorescent components.

The composition and phase of DOM were measured using 3D-EEM in this study
to investigate the DOM composition and structure of the greenhouse pepper root zone
under aerated irrigation. We hypothesized that Al would promote the transformation of
small molecular substances to macromolecular substances and thus increase the degree of
DOM humification.

2. Materials and Methods
2.1. Experimental Site

The field experiment was conducted on pepper in a modern greenhouse from 1 April
2021 to 18 July 2021 at the Agricultural High-Efficiency Water Use Test Site of the North
China University of Water Resources and Hydropower, Zhengzhou City, Henan Province
(34.47'5.91” N, 113.47'20.15” E). The solar greenhouse with a total area of 537.6 m? is a
ridge-type structure that spans 9.6 m and has a bay of 4 m. As is common for the area, the
greenhouse is configured east-west to trap maximum solar radiation. Fans were installed in
the south and damp curtains were installed in the north to regulate the indoor temperature
and air humidity. Temperature and humidity changes during the growth period of hot
pepper were shown in Figure 1.
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Figure 1. Dynamics of the air relative humidity and temperature during the cropping season.

2.2. Test Material

The mass fractions of soil sand (0.02-2 mm), silt (0.002-0.02 mm), and clay (<0.002 mm)
used in the experiment were 32.99%, 34.03%, and 32.98%, respectively. The soil pH was
determined using a glass electrode in a 2.5:1 water: soil suspension. SOM was measured
by using K,Cr,O; oxidation-reduction titration. Total soil nitrogen was determined using
the Kjeldahl method. Total phosphorus in soil was determined by using molybdenum
antimony inverse colorimetry. Total potassium in soil was determined by using flame
photometry. Soil bulk density and field capacity was measured using the circular cutting
method. The measured soil material content is shown in Table 1.

Table 1. The basic physical and chemical properties in the 040 cm soil layer.

Soil Soil Bulk Lol Lol Lol Lol Field
Layer/cm pH Density/g-kg~1 SOM/g-kg TN/g-kg TPlgkg TKig-kg Capacity/%

0-20 7.75 143 20,14 1.04 0.93 28.69 27.6

20-40 7.82 1.49 19.25 1.12 1.22 32.24 28.4

2.3. Experimental Design

A three-factor and two-level experiment was set up in a randomized split-plot arrange-
ment, with a total of eight treatments and three replications. The aerated and conventional
subsurface drip irrigation were randomly assigned to the main plots. Inorganic nitrogen
application rate is 225 kg hm~2 for N treatment and 300 kg hm~?2 for N, treatment. Ac-
cording to the irrigation amount between two irrigation intervals, the evaporating pan
coefficients 0.6 and 1.0 are set as W1 and W, (Table 2), respectively.

A total of 24 plots were included in the experiment. Each plot is 4 m in length, 0.6 m
in width, and 2.4 m? in area. The row spacing was 60 cm and plant spacing was 33 cm.
Twelve plants were planted in each plot. CSDI was used for water supply in the plot. The
buried depth of drip irrigation belt was 15 cm [24], the rated flow rate of drip head was
1.2 L h~L. The dripper spacing was 33 cm, and the rated working pressure was 0.10 MPa.
Crops were planted 10 cm from the water dripper parallel to the drip irrigation belt.
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Table 2. Experimental design.
Treatment Irrlgat‘}\(l)&imount A‘?:I‘.?;ieg ;ﬁ;lg?;;o/ﬂ/o Nitrogen N/kg hm—2
W1 AgN; 0.6 Ep 0 225
WiA1N; 0.6 Ep 15 225
WoAgN; 1.0E, 0 225
WoA;N; L0 Ep 15 225
Wi1A)N; 0.6 Ep 0 300
W;A1N, 0.6 Ep 15 300
WoAoN, 1.0Ep 0 300
WoA1N, 10Ep 15 300
Note: W; and W, were low and high irrigation water treatment (0.6 and 1.0- times crop evaporation pan
coefficient), respectively; Ag and A; were conventional and aerated subsurface drip irrigation treatments; Ny and
N, were low and normal nitrogen application rates (225 and 300 kg hm~2), respectively.
2.4. Irrigation Method
Al used aerated water by CSDI system (Figure 2), including storage lines, circulation
pumps, Mazzei air injector 684 (Mazzei Injector Company, Bakersfield, CA, USA), and other
equipment to circulate aeration for 20 min to produce irrigation water with an air void
fraction of 15% [25], while CSDI used groundwater for irrigation with an independent water
supply device. Irrigation occurred once every 7-10 days based on cumulative evaporation
between two irrigation intervals in evaporation dish (E-601 evaporator, 61.8 cm in diameter
and 69.0 cm in height). Each plot was equipped with a flow meter and control valve to
control the water volume. The working pressure of the irrigation process was 0.10 MPa,
and the irrigation amount was measured with a drip meter.
0o
/ Pepper plant
Main tube —1 Drip o
irrigation tube | =
Subsurface drip irrigation tube
Air Pressure Gauge Plot

Compressors

Water Supply T~
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(a) Experimental layout of greenhouse pepper
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Figure 2. Diagram of experimental layout.

2.5. Trial Management

The tested pepper (Capsicum annuum L.) variety was “Liangyu”. The perlite matrix
was used for seedlings cultivation from the commercial producer. The pepper seedlings
were transplanted at the age of 4-leaf or 5-leaf and 1 heart. Soil was watered well on the
day of transplantation, and the film was covered 13 days after transplanting. The growth
period of pepper covered 109 d, and the division of growth period was listed in Table 3.
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Table 3. Pepper growth period.

. . . Days after
Growth Period Start Time End Time Transplanting/d
Seedling stage 1 April 2021 25 April 2021 1-25
Flowering and 26 April 2021 20 May 2021 26-50
fruiting stage
Fruit expansion stage 21 May 2021 20 June 2021 51-81
Maturity stage 21 June 2021 18 July 2021 82-109

Fertilizers used in the test were urea (N > 46%), calcium superphosphate (P, O5 > 12%),
and total water-soluble potassium sulfate (K;O > 52%). Two nitrogen rates were used,
225 kg hm~2 for Ny, 300 kg hm~2 for N treatment, and one rate of phosphate fertilizer
of 85 kg hm 2 and potassium fertilizer 150 kg hm~2 were applied to all treatments. The
potassium fertilizer and calcium superphosphate were applied at the beginning as basal,
while the N split rate were applied in the irrigation water solution on the 31st, 42nd, 57th,
62nd, 69th, 81st, and 96th day g according to the ratio of 2:3:2:2:3:2:1.

The irrigation amount was calculated according to Equation (1) [26]:

WZAXEPXKP (1)

where W is the irrigation amount during two irrigation events, L. A is the planting area of
the plot, m2. E p is the cumulative evaporation from the E-601 evaporation dish within one
irrigation cycle, mm. Kp was the coefficient of evaporating dish, 0.6 for W; treatment and
1.0 for W, treatment.

2.6. Test Sampling and Measurement Methods
2.6.1. Soil Sample Collection

During the flowering and fruit-setting period (20 May 2021), the fruit-expanding
period (20 June 2021), and the maturing period (18 July 2021), the root systems of five plants
with uniform growth were excavated in each treatment plot. Then the soil attached to the
roots was shook down vigorously and the plant residues removed and fully mixed into
sealed bags and taken back to the laboratory for air drying.

2.6.2. Extraction of Soil DOM

Air-dried soil samples were passed through a 2 mm sieve and 5 g soil sample were
put into a conical bottle. Fifty mL of grade I pure water was added at a water—soil ratio
of 5:1 and then shook well and oscillated for 24 h at a constant temperature of 20 °C and
180 r min~!. Tt was then centrifuged for 15 min at 4000 r min~!. After centrifugation, the
supernatant was passed through a 0.45 um fiberglass membrane, and the filtrate was the
soil DOM solution.

The 3D-EEM of soil DOM was determined using a fluorescence spectrophotometer
(Hitachi F-4600) for spectral scanning. The parameters were set as follows: excitation
wavelength Ex: 200-450 nm, emission wavelength Em: 280-550 nm, scanning speed:
12,000 nm min~—!, and scanning intervals at 5 nm. Pure water was used as blank.

2.6.3. Fluorescence Spectroscopy Analysis and Data Processing
Data Processing and Volume Integration

The scanned three-dimensional fluorescence spectra data were blank with pure water,
and the measured fluorescence data were pre-processed with MATR2009a (MathWorks,
Natick, MA, USA) to eliminate Rayleigh and Raman scattering. In order to quantitatively
analyze the content of each component of soil DOM in each growth period, the three-
dimensional fluorescence spectrogram of soil DOM was divided into five characteristic
regions (Table 4) [27].

¢i = (Apx/ Apm)AAExdA Epy @)
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$in = ¢i-MF; 3)

where i =1, II, III, IV, V, where I (Ag,/AE) is the fluorescence intensity at excitation wave-
length Af, and emission wavelength Ag,,, dAgy and dAg,, were the data intervals of exci-
tation and emission wavelengths in the fluorescence matrix, respectively. The volume ¢;
was multiplied with MF; to obtain the normalized volume ¢;,n, where MF; is equal to the
inverse of the area of each region of the excitation-emission matrix as a percentage of the
total region.

Table 4. Characteristics of fluorescent peak regions in three-dimensional fluorescence spectra of
dissolved organic matter.

Fluorescent Area AEx/AEm/nm Fluorescent Components
I 200-250/280-330 Tyrosine-like proteins
1I 200-250/330-380 Tryptophan-like proteins
111 200-250/380-550 Fulvic acid
v >250/280-380 Soluble microbial metabolites
\Y% >250/380-550 Humic acid

According to Equation (2) [28], the fluorescence spectrogram data in selected fluo-
rescence regions were integrated using the Origin Pro 2022 software, and the volume of
specific fluorescence region of soil DOM was calculated (¢;). According to Equation (3) [28],
standardized processing was carried out.

Spectral Index Calculation
(1) Fluorescence index (FI) is calculated [29] as below:
FI = {eamiom ) s70nm )
f AEm=500nm

where f)r,, = 450 nm is the fluorescence intensity at excitation wavelength of 370 nm and
emission wavelength of 450 nm and f) g, = 500 nm is the fluorescence intensity at excitation
wavelength of 370 nm and emission wavelength of 500 nm.

(2) The formula of autogenous index/biological index (BIX) [29] is listed as below:
BIX = IAen=380m Apy = 310nm (5)
f/\Em =430nm

where f)r,, = 380 nm is the fluorescence intensity at excitation wavelength of 310 nm and
emission wavelength of 380nm and f,g,, = 430 nm is the fluorescence intensity at excitation
wavelength of 310 nm and emission wavelength of 430 nm.

(3) Humification index (HIX) is calculated [29] as below.
_ Zisonm S

Zgéggﬁ f AEm
where is the integral value of excitation wavelength of 254 nm and emission wavelength in

the range of 435 to 480 nm and is the integral value of excitation wavelength of 254 nm and
emission wavelength in the range of 300 to 345 nm.

HIX Apy = 254nm (6)

2.7. Statistical Analysis

Microsoft Excel 2019 was used for data analysis and Origin Pro 2022 (Origin Lab Corp.
Redmond, MA, USA) was used for plotting. The SPSS 25.0 software (SPSS Inc., Chicago, IL,
USA) was used for ANOVA, Duncan’s multiple comparisons, and Pearson’s correlation
analysis with the statistical significance test at p < 0.05 and p < 0.01.
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3. Results and Analysis
3.1. Effects of Aerated Irrigation on DOM Fluorescence Components in Soil

The three-dimensional fluorescence region integration (FRI) of the DOM of pepper
rhizosphere soil in the greenhouse is shown in Figure 3. With the growth of pepper, the
relative contents of five major fluorescent components increased first, then decreased, and
peaked at the fruit expansion stage. The amount of irrigation had a significant impact on
tyrosine-like proteins at the flowering and fruit-setting stage; fulvic-acid-like components
at the maturity stage (p < 0.05) (Figure 3a, c); tryptophan-like protein components at the
flowering and fruit-setting stage, fruit expansion stage, and maturity stage (Figure 3b);
tyrosine-like protein components at the fruit expansion stage; and soluble microbial metabo-
lites and humus acid-like components at the mature stage (p < 0.01) (Figure 3a,d,e). When
compared with W1AgN; and W1 ANy, the relative contents of tyrosine-like protein com-
ponents in soil DOM averagely increased by 43.83% and 13.84% WA N; and W,AgN»,
respectively, and tryptophan-like protein components in soil DOM averagely increased by
35.56% and 16.85% in W AgN71 and W, ANy, respectively, during the whole growth period.
In comparison with W1AgN; and W1AgNy, the relative contents of fulvic acid components
decreased by 19.22%, soluble microbial metabolites decreased by 16.51% and humus-like
acid components decreased by 21.68% on average in the soil treated with W,AyN; and
fulvic acid components decreased by 8.55%, soluble microbial metabolites decreased by
5.53%, humus-like acid components decreased by13.61% on average in the soil treated with
W3AgN; during the growth period. When compared with treatment W1 ANy, on average,
the relative content of tyrosine-like proteins increased by 34.43%, tryptophan-like proteins
increased by 13.27%, fulvic acid-like proteins increased by 15.87%, and humus acid-like
proteins increased by 8.06% on average in the soil treated with WA N; during the whole
growth period. The relative content of soluble microbial metabolites increased by 4.48% in
the flowering and fruit-setting stages and decreased by 2.78% in the fruit expansion and
maturity stages.
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Figure 3. Regional integral analysis of soil DOM based on three-dimensional fluorescence spectra
Note: Wi and W, were low and high irrigation water treatment (0.6 and 1.0- times crop evapora-
tion pan coefficient), respectively; Ay and A; were non-aeration and aerated irrigation treatments;
N; and N, were low and normal nitrogen application rates (225 and 300 kg hm~2), respectively.
*and ** identify significant differences at p < 0.05 and p < 0.01, respectively, and ns identifies no
significant difference. (a) The amount of irrigation had a significant impact on tyrosine-like proteins
at the flowering and fruit-setting stage; (b) The tryptophan-like protein components at the flowering
and fruit-setting stage, fruit expansion stage, and maturity stage (c) The amount of irrigation had
a significant impact on fruit-setting stage; (d) The tyrosine-like protein components at the soluble
microbial metabolites; (e) The tyrosine-like protein components at humus acid-like components
at the mature stage. Same letters within each column indicate non-significant difference among
the treatments.

During the whole growth period, the relative contents of tyrosine-like protein com-
ponents averagely increased by 23.53%, tryptophan-like protein components increased
by 14.94%, fulvic acid-like components increased by 19.90%, soluble microbial metabolite
increased by 12.99%, and humic acid-like components increased by 7.77% in the soil treated
with WA 1Ny, compared with treatment W1 A1Nj,. During fruit expansion and maturity,
flowering and fruit-setting stages, the amount of nitrogen application had an extremely
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significant effect on tryptophan-like protein components, fulvic acid-like components, and
soluble microbial metabolites (p < 0.01) (Figure 3).

In the fruit expansion stage and mature stage, the relative content of tryptophan-
like protein component decreased by 14.02% and fulvic acid-like component decreased
by 7.61% in soil under normal nitrogen treatment on average, when compared with low
nitrogen treatment. When compared with treatment W1 AgNj, the relative content of soluble
microbial metabolites in soil under treatment W1 AN, decreased by 2.88% on average
during the flowering and fruit-setting stage and mature stage, compared with treatment
W1A1N;. Treatment W;A1N; increased the soil soluble microbial metabolites by 0.81%
on average in the flowering and fruit-setting stage and maturity stage. At the flowering
and fruit-setting stage and maturity stage, the relative content of soil soluble microbial
metabolites of treatment WyAgN, and treatment W, ANy, respectively, increased by 13.33%
and 11.83%, when compared with treatment W AgNj and treatment W A1Nj. The tyrosine-
like protein components, fulvic acid-like components, soluble microbial metabolites, and
humic acid-like components were highly affected by soil aeration at fruit expansion and
maturity (p < 0.01) (Figure 3). The tyrosine-like protein components, tryptophan-like
protein components, fulvic acid-like components, and tryptophan-like protein components
at the fruit expansion stage had significant effects (p < 0.05) (Figure 3) as well. During the
whole growth period, the relative contents of tyrosine-like protein components averagely
decreased by 12.66%, tryptophan-like protein components averagely decreased by 5.93%,
fulvic acid-like components decreased by 13.71%, soluble microbial metabolites decreased
by 7.13%, and humic acid-like components decreased by 15.76% in the soil treated with
W1A1N; and the relative contents of tyrosine-like protein components decreased by 20.67%,
tryptophan-like protein components decreased by 4.21%, fulvic acid-like components
decreased by 10.88%, soluble microbial metabolites decreased by 6.08%, and humic acid-
like components decreased by 5.47% in the soil with the treatment of W1AgN, when
compared with W1 AgN; and W1 AgN,. When compared with treatment WA N; and
treatment W>A(Nj, the relative contents of tyrosine-like protein components, respectively,
decreased by 17.45% and 6.41% in the soils with treatments of WpA1N; and W>A1N,
and tryptophan-like protein components, respectively, decreased by 27.85% and 5.64%
in the soils with treatments of W>A1N; and WA ;N,. During the growth period, when
compared with treatment WpAgN; and treatment W, AN, the relative contents of fulvic
acid components increased by 23.79%, soluble microbial metabolites increased by 11.85%,
and humic acid components increased by 19.33% in the soils with treatments of WoA1N;,
and the relative contents of fulvic acid components increased by 17.15%, soluble microbial
metabolites increased by 13.31%, and humic acid components increased by 20.27% in the
soil with treatments of W, A1N».

In comparison to the Al treatment, the CSDI treatment revealed the presence of
fulvic acid-like substances C3 fraction [30]. The C3 component (two peaks at 280/500 nm
and 375/500 nm) is a typical humus-like component of terrestrial origin, with a minor
contribution from allochthonous macrophytes. Although the relative molecular weight
of the C3 component is greater than that of the C; and C; components, the degree of
aromatization is lower.

3.2. Effects of Aerated Irrigation on DOM Spectral Index in Soil

The fluorescence index (FI), biological index (BIX), and humification index (HIX)
were used to assess the impact of Al on the source of soil DOM and humification degree.
According to Table 5, the fluctuation range of the DOM fluorescence index under the CSDI
and Al during the entire growth period was 1.63-1.76 and 1.66-1.81, respectively; the
fluctuation range of the biological index was 0.67-0.72 and 0.65-0.72, respectively, and
the fluctuation range of humification index was 5.39-13.69 and 8.47-12.85, respectively,
indicating a trend of gradual decrease with the growth process. The humification index of
WA 1N and WA 1N was 57.14% and 78.46% higher, respectively, than that of Wy AgN;
and WAgN; (p < 0.05). The humification index of WyAgN; and W,A(N; decreased by
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49.58% and 40.62% compared with that of treatment W1 AgN; and W1 ANy, respectively
(p < 0.05). HIX in Al varied from 8.47 to 9.94. Averagely, HIX in Al increased by 31.59%
compared with that in CSDIL
Table 5. Fluorescence spectrum indices of soil DOM at different growth period.
Fluorescence Index (FI) Biological Index (BIX) Hunmification Index (HIX)
Irrigation T
FFS FES MS FFS FES Ms FFS FES Ms
W1ApN; 170 £0.02a 172+ 0.06a 1.71 £ 0.03 be 0.72£0.01a 0.69 + 0.02 ab 0.71 £ 0.02 ab 13.69 £ 1.62a 1239 £ 096 a 10.69 £197a
CSDI W1AgNy 172 +£0.05a 1.69 £0.02a 1.74 + 0.05 ab 072+ 001la 0.70 £ 0.03 a 0.72+0.02a 11.77 £1.77 ab 11.73 £ 0.54 ab 938 £ 048a
WoAgNy 172 £0.04a 176 £0.04a 1.63 £0.10 ¢ 0.70 £ 0.01b 0.67 + 0.02 ab 0.71 + 0.02 abc 11.90 £ 1.92 ab 9.15+0.57 ¢ 539+199b
WoApNy 170 £0.03a 170 £0.03 a 1.64 £ 0.06 ¢ 0.71 + 0.01 ab 0.67 + 0.03 ab 0.69 + 0.02 bed 11.20 + 1.06 ab 9.84 +1.98 be 557 +£284b
WiA1Ny 1.724+0.02a 173 £0.04a 1.75 £ 0.03 ab 0.72£0.01a 0.68 == 0.03 ab 072 +0.01a 11.52 £ 1.99 ab 10.10 + 1.27 be 9.53 +£148a
AL WiAINy 1.70 +0.06 a 172 £0.07 a 1.74 £ 0.04 ab 0.72 £0.02a 0.68 == 0.03 ab 072+0.01a 12.85 £ 1.73 ab 9.23+198¢ 9.53+£0.72a
Wy ANy 1.70 +0.03 a 173 £0.09a 1.67 + 0.06 be 0.70 £ 0.01b 0.66 + 0.03 ab 0.67 +0.03d 12.62 + 0.41 ab 10.37 + 1.82 abc 847 +153a
Wr ANy 1.66 +0.03 a 172+£0.07a 1.81+0.04a 0.70 £0.01b 0.65 +0.03b 0.68 + 0.01 cd 10.37 £2.37b 9.11+148¢ 994 +£143a
Note: Wy and W, were low and high irrigation water treatment (0.6 and 1.0-times crop evaporation pan coefficient),
respectively; Ag and A; were conventional and aerated subsurface drip irrigation treatments; N; and N, were low
and normal nitrogen application rates (225 and 300 kg hm~2), respectively. FFS means the flowering and fruiting
period; FES means fruit expansion period; MS means mature stage. Data are all expressed as mean =+ standard
error. Different lowercase letters after the data in the same column indicate a significant difference at p < 0.05 level.
3.3. Evolution Characteristics of DOM Fluorescence Components in Soil
PARAFAC combined with 2D-COSDOM can obtain the change rule of fluorescence
components with time. The load of components of DOM can be obtained using the
PARAFAC method (Figures 4 and 5), the synchronous and asynchronous spectrograms
of DOM fluorescence components with time were obtained by using the 2D-COS method
(Figure 6).
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Figure 4. Parallel factor analysis of soil DOM in conventional subsurface drip irrigation.
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Figure 5. Analysis of soil DOM parallel factor in aerated drip irrigation.

According to the spectral reading rules proposed by Noda et al. [31], the changing or-
der of DOM fluorescence components during crop growth was determined (Tables 6 and 7).
The fluorescence fractions resolved by PARAFAC were uploaded to the OpenFluor database
for comparison with the previous literature. It can be seen that C1 and C2 components
both exist in Al and CSDI treatments. The C1 component (325/410 nm) was identified
as UV humic-like, a combination of fluorescence peaks A and M under both treatments,
probably composed of humic-like compounds derived from biological or microbial activ-
ity [32], and the C2 component (two peaks are 260/435 nm and 350/435 nm) identified as
terrestrial-derived humic substances [27].
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Figure 6. Two-dimensional correlation analysis of soil DOM fluorescence components. Note: CSCD
and AI were conventional and aerated subsurface drip irrigation treatments, respectively. (a) Syn-
chronous fluorescence spectra under CSDI. (b) Asynchronous fluorescence spectra under CSDI.
(c) Synchronous fluorescence spectra under Al (d) Asynchronous fluorescence spectra under Al

Table 6. The change order table of DOM components with time as disturbance factor in CSDI.

C1 C2
DOM Components 410 nm 465 nm
C1 410 nm + -
C2 465 nm +

Table 7. The change order table of DOM components with time as disturbance factor in AL

c1 C2 c3
DOM Components 410 nm 465 nm 450 nm
C1 410 nm + —(+) —(+)
2 465 nm + +(-)
C3 450 nm +
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By the combination of the synchronous (Figure 6a,c) and asynchronous (Figure 6b,d)
plots, the effect of different irrigation treatments on the dynamic characteristics of soil
DOM fractions can be analyzed on consideration of time as a perturbation factor. Under the
CSDI treatment, and the changing order of DOM components under CSDI was 465 nm and
410 nm. When the symbols of C1 and C2 components in the synchronous graph (Figure 6a)
and the asynchronous graph (Figure 6b) are the same, the change of spectral intensity
at C1 wavelength is prior to that at C2 wavelength (Table 6). Similarly, the changing
order under CSDI treatment was similar to that under Al treatment, the change of the
fluorescence components under CSDI sorted in descending order was 450 nm, 465 nm, and
410 nm, indicating that the change order of DOM components with time was C3, C2, and
C1 (Table 7).

3.4. Evolutionary Characteristics of Soil DOM Fluorescence Components Correlation Analysis of
Soil DOM Fluorescence Components

Pearson’s correlation analysis on soil DOM fluorescent substances was applied to
clarify the correlation between various substances. Figure 7 showed that tyrosine-like pro-
tein was extremely positively correlated with tryptophan-like protein substance (p < 0.01)
and negatively correlated with soluble microbial metabolism and humic acid (p < 0.01).
Tryptophan-like protein was extremely negatively correlated with soluble microbial metabo-
lites and humic acid (p < 0.01); ferulic acid was extremely positively correlated with soluble
microbial metabolites and humic acid (p < 0.01). Soluble microbial metabolites were ex-
tremely positively correlated with humic acid (p < 0.01).

TOP 0.86 0.10 -0.39 -0.34
TTP 0.12 -0.39 -0.43 - 0.4
- 0.2
FA 0.34 0.55 -0
- —0.2
SMM *k ok *% 0.85 - -0.4
-0.6
HA - ah - 0.8
| =]
TOP ol FA SMM HA

Figure 7. Correlation among soil DOM fluorescence components. Note: TOP means tyrosine-like
proteins; TTP means tryptophan-like proteins; FA means fulvic acid; SMM means soluble microbial
metabolites; HA means humic acid. The figure shows the correlation between the measured indicators.
** indicate a significant correlation at p < 0.01, respectively. The colors and numbers indicate the
degree of correlation between the corresponding row comment and column comment, red is a positive
correlation, and blue is a negative correlation.
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4. Discussion
4.1. Effects of Aerated Irrigation on Soil DOM Components

Many studies in recent years have found that the mineralization of soil organic matter
was higher than that of the aerobic strip under flooded conditions [33]. In this experiment,
the response of humic acid-like substance to soil aeration was opposite under conditions
of low nitrogen and low water and high nitrogen and high water. During the flowering
and fruit-setting stage and the ripening stages, the relative contents of tyrosine-like protein
substances and tryptophan-like proteins in the Al treatment were lower than those in the
CSDI treatment under the conditions of low water with low nitrogen and low water with
normal nitrogen. During the flowering and fruit-setting stage, fruit expansion stage, and
ripening stage, the relative contents of fulvic acid-like substances, dissolved microbial
metabolites, and humic acid-like substances were lower than those in the CSDI treatment.
According to the findings, soil aeration promoted the loss of soil DOM components and
significantly reduced DOM content in low water with low nitrogen and low water with
normal nitrogen. On the one hand, soil aeration may affect the content of DOM by changing
the soil environment [15]. Besides, the test soil was clay loam, which has high stability and
low solubility of organic matter, and because of the double effect of high temperature in the
shed from April to late July of planting time [23,34], which improved the soil adsorption
capacity to DOM and accelerate nutrient turnover. Soil aeration could reduce the soil
water saturation, thus, improving soil porosity [18], weakening the adsorption capacity to
DOM, and helping in the release of soil DOM. Besides, it could enhance the contact of mi-
croorganisms and enzymes with DOM, thereby improving its biological effectiveness [22],
increasing microbial activity, and allowing microorganisms to preferentially degrade DOM.
According to related research, microorganisms can easily degrade the components in soil
DOM (>85%) [35]. Soil aeration, on the other hand, has an impact on crop growth, and
DOM is consumed by crops as a nutrient supplier.

Although DOM was the most active soil C pool in SOM, despite accounting for
only a small part of soil organic matter (SOM) [36]. It not only supplied energy and
material sources to indigenous microorganisms, but it was also a potential supplier of
available nitrogen and phosphorus nutrients for crops [22]. Soil DOM could be directly
absorbed and used by plants or decomposed to produce nutrients via low molecular
weight. The active part could be directly absorbed and assimilated by plants to promote
plant growth and development [37]. Soil aeration could increase the total surface area and
active absorption area of crop roots. It could also significantly improve root activity [38],
make root metabolism vigorous, and promote the absorption and utilization of soil DOM
by the pepper to some extent. This might also be the potential reason for soil aeration to
promote soil DOM component consumption.

However, when there is a lot of water and a lot of nitrogen, the results are different.
Soil aeration could promote the consumption of small molecule protein-like substances
and the accumulation of humus-like substances with a higher molecular weight under
conditions of high water with low nitrogen and high water with normal nitrogen. The C3
component in the experiment is a typical humic acid-like component with a more complex
structure and larger molecular weight than the C1 and C2 components [39]. The reason
may be that aerated irrigation is beneficial to the formation of macromolecular DOM, while
the environment with relatively sufficient water, nutrients, and soil aeration was more
conducive to the growth of pepper and promoted pepper to absorb more soil water. It
created relatively dry environmental conditions, resulting in small molecules in soil DOM
being decomposed and consumed easily, since the drought could lead to the condensation
and accumulation of humus. This was consistent with the findings of Wang et al. [28],
who investigated the fluorescence characteristics of soil soluble organic in the loess hilly
area matter under different vegetation. It was also possible that an environment with
relatively good soil oxygen was more conducive to the release of soil DOM. Because soil
microorganisms prefer DOM molecules with lower molecular weight for metabolism [40],
the surplus content of small molecule, protein-like substances could satisfy microorganism
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metabolism of microorganisms as well as crop absorption and utilization, which has slowed
the consumption of substances with higher molecular weight to some extent. Microbes
began to use aromatic ring substances [41] and were planted to preferentially absorb the
lower molecular weight and stronger activity parts of soil DOM [35], when the easily
degradable components decomposed to the low concentration.

In addition, under certain conditions, different components of soil organic matter
could be synthesized and transformed, and part of protein-like substances could be trans-
formed into more stable humus [42], potentially filling a gap in the consumption of hu-
mus substances. In this research, tyrosine-like proteins were positively correlated with
tryptophan-like proteins (p < 0.01) and negatively correlated with humic acid-like sub-
stances (p < 0.01), and tryptophan-like proteins were negatively correlated with humic
acid-like substances (p < 0.01).

Vinks et al. [43] found that flooding caused incomplete mineralization of soil organic
matter, and the degradation products significantly increased DOM content. The alternation
of dry and wet had the greatest impact on the relative content of protein-like compo-
nents [44]. This experiment showed that increasing the amount of irrigation in the CSDI
treatments, no matter at a low nitrogen level or normal nitrogen level, could significantly
increase the content of tyrosine-like protein and tryptophan-like protein in three growth pe-
riods and significantly reduce the content of fulvic acid-like substance and humic acid-like
substance in the late growth period of pepper. An increase in the irrigation rate can increase
the content of DOM components and could be promoted in Al treatments. This study
also discovered that the contents of tyrosine-like proteins, tryptophan-like proteins, fulvic
acid-like substances, and humic acid-like substances increased first and then decreased
during the pepper growth process, with the content being highest during the fruit expan-
sion period. This could be because the pepper grew rapidly during the fruit expansion
period. That may be due to the physiological metabolism of the root system being strong,
resulting in high production of root exudates and root litter during the fruit expansion
period. The high microbiological activity resulted in a relatively high nutrient turnover in
the rhizosphere.

4.2. Effect of Aerated Irrigation on Soil DOM Spectral Index

To characterize soil DOM under different irrigation modes, the fluorescence spectral
indices FI, BIX, and HIX were used. FI was defined as the ratio of emission wavelengths
at 470 nm to that at 520 nm when an excitation wavelength was 370 nm [45], which could
be used to distinguish the source of DOM [46]. When FI < 1.40, the soil water-soluble
organic matter primarily came from plants, with a low autogenous source input. When
FI > 1.90 was discovered, it was primarily due to the metabolic activities of microorganisms
with obvious autogenesis characteristics of autogenesis. The combination of plants and
microorganisms produced 1.40 < FI < 1.90. Under CSDI and Al, the fluctuation range of
soil DOM fluorescence index during the entire growth period was 1.63-1.76 and 1.66-1.81,
respectively, between 1.40 and 1.90. It indicated that the soil DOM came from the mixture
of plants and microorganisms under the two irrigation modes. The intensity of recent
biological activities, an index that measured the degree of autochthonous pollution, could
be associated with BIX [47].

Autogenous contribution to soil DOM was relatively low when 0.60 < BIX < 0.80. There
were many new autogenous components in soil DOM components when 0.80 < BIX < 1.00.
When BIX > 1.00, the DOM in the soil was primarily neotenic. In this study, the fluctuation
range of the biological index under CSDI and Al was 0.67-0.72 and 0.65-0.72, respectively,
indicating that under both CSDI and Al irrigation modes, the proportion of autogenous
organic matter in soil DOM components was relatively low. Some studies have also shown
that both exogenous input and endogenous production of DOM released from sediments
occurred as dissolved oxygen levels rise [47]. The BIX value of DOM in the sediment ranged
from 0.6 to 0.8 at a dissolved oxygen level between 0% and 25%, and as the oxygen content
increased, the released DOM components contained more new autogenesis. In this study;,
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the new autogenous sources of DOM components in soil under Al were not obvious. We
hypothesized that the autogenic source index is low; microorganism availability is reduced;
the components representing DOM tend to be stable, making them difficult to degrade by
microorganisms; and that the relatively low level of dissolved oxygen in irrigation water
was the cause.

Besides, it is also due to complex factors such as microbial degradation, chemical
polymerization, and pepper absorption. When the FI and BIX index were combined, it was
discovered that soil DOM in both irrigation modes had the same source as both internal and
external inputs, with the external inputs being the main source and the internal inputs being
supplementary HIX could represent the humification of DOM. The greater the degree of
humification, the higher the value [45]. The primary sources of DOM were plant debris, soil
humus, microorganisms, and rhizosphere secretions. The decomposition of plant residues
produced transitional organic matter, which contributed significantly to the accumulation
of soil organic carbon [48]. The primary form of organic matter for surface soil was DOM,
and it was an important index for assessing soil fertility [49]. The humification degree
of soil DOM was weaker when HIX < 4, and soil DOM exhibited obvious humification
characteristics when 10 < HIX < 16 [15]. The HIX value of Al treatment at the maturity
stage of the pepper ranged from 8.47 to 9.94 in this research. The humification degree of Al
increased by 57.11% and 78.36% compared with that under the conditions of a high amount
of irrigation and both low nitrogen and normal nitrogen (p < 0.05). The humification
degree of high water and low nitrogen and high water and normal nitrogen treatment
decreased by 49.58% and 40.62%, respectively, compared with that of low water and normal
nitrogen treatments (p < 0.05). This could be attributed to relatively high irrigation amount
under high water conditions and high irrigation frequency in the greenhouse from April to
mid-July, resulting in the breakdown of large soil aggregates, the loss of soil organic carbon
and nitrogen mineralization and the aggravation of DOM leaching loss [50].

To summarize, soil aeration was a practice that combined land use and nutrification,
which could weakly reduce the carbon and nitrogen sink functions of soil and was benefi-
cial to the maintenance and development of the ecological micro-environment of facility
vegetable. This study, however, only discussed soil DOM components, spectral index, and
humification degree. To fully understand the mechanism of Al on land nutrification, it
was necessary to broaden the aeration gradient and long-term positioning test and further
research the related microorganisms and enzymes.

5. Conclusions

(1) The composition of soil DOM under aerated irrigation showed that soil DOM com-
ponents are dominated by humic acid-like substances, fulvic acid-like substances,
tryptophan-like proteins, and supplemented by tyrosine-like proteins and dissolved
microbial metabolites. Soil aeration could promote the consumption of soil DOM com-
ponents under low irrigation. In contrast, soil aeration can accelerate the depletion
of small molecular proteins and the accumulation of humus substances with higher
molecular weight under high irrigation amounts. Plants can make better use of soil
mineral nutrients under aerated irrigation. At the mature stage of pepper, the humifi-
cation index of Al treatments ranged from 8.47 to 9.94 during the maturity growth
stage of pepper, averagely increased by 31.59% compared with that in conventional
subsurface drip irrigation.

(2) Aerated irrigation is beneficial to the maintenance of soil fertility, has a positive
effect on the DOM properties of the soil. To promote aerated irrigation in various
environments, it was necessary to further study the influence mechanism of aerated
irrigation on DOM humification process in long-term field conditions.
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