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Abstract

Planting soybeans (Glycine max (L.) Merr.) in tea gardens decreased soil pH in theory but
increased it in practice. This controversy was addressed in this study by treating the tea gar-
den soil consecutively with different parts of a soybean cover crop: aboveground soybean
(ASB) parts, underground soybean (USB) root residues, and the whole soybean (WSB)
plants. In comparison with the control, the soil pH increased significantly after the third ASB
and WSB treatments, but there was no significant change in the soil pH in the USB treat-
ment. Concordantly, the soil exchangeable acidity decreased significantly and the soil
exchangeable bases increased significantly in the ASB and WSB treatments. The
exchangeable acidity increased in the USB treatment, but the amount of the increased acid-
ity was less than that of the increased bases in the ASB treatment, resulting in a net increase
in the exchangeable bases in the WSB treatment. Soybean planting and covering also
increased the microbial richness and abundance significantly, which led to significantly
more soil organic matters. Exchangeable K* and Mg?*, and soil organic matters played sig-
nificantly positive roles and exchangeable AI** played negative roles in improving soil pH.
Our data suggest that consecutive plantings of soybean cover crop increase the pH of the
acidified tea garden soil.

Introduction

Tea plants (Camellia sinensis (L.) O. Ktze.) grow well in acidic soil with an optimum pH
between 4.5 and 5.5 [1], but the tea garden soil has been over-acidified in general. More than
46.0% of Chinese tea gardens were reported to have a soil pH < 4.5 [2] and more than 38.64%
of Japanese tea gardens were reported to have a soil pH < 4.0 [3]. The severe acidification can
not only harm the soil ecology and retard the growth of tea plants [4], but also lead to accumu-
lation of toxic metal compounds in tea plants and leaves, potentially creating a safety risk for
the tea industry [5].

Planting leguminous crops is an effective way to improve soil by providing biologically
fixed nitrogen (N) and enriching beneficial bacterial communities [6, 7], but its effect on the
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soil pH has been controversial. In theory, legume root systems are expected to accelerate soil
acidification. The rhizobial community in the root system fixes N to NH3, and subsequent pro-
duction of NH," by mineralization leads to nitrification or hydrolysis reaction that releases H"
[8, 9]. Accumulation of NH," can also increase the content of exchangeable A’" in soil, conse-
quently accelerating soil acidification [10]. However, many practices of intercropping soybean
(Glycine max (L.) Merr.) or other legumes in tea gardens have increased the soil pH [11, 12].
This controversy may be caused by the differential effects of different soybean plant parts. The
underground soybean (USB) root system may accelerate acidification of tea garden soil, but
the aboveground soybean (ASB) parts may increase the soil pH because humus degraded by
microbes from the ASB organic matters adsorbs H" and exchanges out OH™ [13].

To examine the controversy that planting soybeans in tea gardens decreases soil pH in the-
ory but increases it in practice, this study dissected the effects of different parts of soybean
plants on the soil pH and microbial abundance in a highly acidified tea garden soil (pH 4.36).
Soybeans were planted in acidified tea garden soil in pots. Residues of ASB, USB, and the
whole soybean (WSB) plants were left in soil or as soil cover after harvest. Soil pH and
exchangeable cations were monitored over two consecutive years. N forms, organic matter,
and bacterial and fungal abundances were determined after three consecutive applications of
the soybean planting and covering.

Materials and methods
Ethics statement

No permit was required for soil sampling in the field as the samples were taken from the tea
garden of a private company, Fujian Niannianxiang Tea Co., Ltd., China. The plan to sample
the soils (locations and volumes) was explicitly approved by the owner of the company, Mr.
Tiande Li. There was no protected species sampled in this study.

Soil used

Ferralic Nitisol (red loam) soil was collected from a tea garden with a history of 15 consecutive
years of tea planting. Five samples of top soil were taken from a depth of 0-30 cm between the
rows of tea plants after removing the surface debris. After thorough mixing, 18 kgs of soil was
placed in each large plastic pot (27 cm x 33 cm, H x D). The pH of the mixed soil was measured
at 4.36+0.01, the organic matter content at 1.36+0.06%, and exchangeable K*, Na*, Ca**, Mg*",
AP, H" contents at 0.95+0.04, 1.27+0.03, 6.18+0.08, 0.2620.02, 2.14+ 0.05, 0.48+0.03 cmol/kg,
respectively.

Soybean cultivation

Twelve seeds of soybean cultivar Huaxia-1 were planted successively on April 1, 2017; July 1,
2017; and May 7, 2018 in each pot outdoors. At this location (118°13/50"E, 25°4’45"N), the
annual average temperature is 20°C, and the annual rainfall is 1600 mm. During the first two
plantings, 42.5 g/pot of fused calcium-magnesium phosphate fertilizer (15% of P,Os, 45% of
Ca0, 20% of Si0O,, 12% of MgO, and 8% of impurities) was applied once before planting as the
base fertilizer. Each pot was irrigated with 600 ml of tap water every 5 arid days.

Experimental design

Three treatments, ASB, USB, and WSB, were set up at the early seed-filling stage of soybean
plants. In ASB, the aboveground parts of soybean plant cut from the USB treatment were used
to cover the soil in pots with no prior soybean planting. In USB, the aboveground parts of the
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soybeans were removed and only the underground roots of soybean plants remained in the
soil. In WSB, the above ground parts of soybean plants were cut but left as soil cover in the
same pot, and the underground roots remained undisturbed. Each treatment consisted of 8
replicates. Additionally, 4 replicates of no soybean planting were set up as a blank control
block (CK). All treatments, including CK, were fertilized and irrigated exactly the same. Three
successive ASB, USB, and WSB treatments were carried out on July 1, 2017; September 9,
2017; and August 1, 2018 after the corresponding crop of soybean plants reached the early
seed-filling stage. One random soybean plant from each pot was chosen for the dry weight
measurements of the whole, the aboveground parts, and the root system of soybean plants.
Root nodules were removed and measured before plants were dried in a hot air oven at 105°C.
Plant residues and the removed root nodules were returned to their original pots after the
measurements.

Soil sampling and analysis

Soil samples were collected on September 9, 2017, May 7, 2018, December 31, 2018 after the
completion of the 1st, 2nd, and 3rd applications of each treatment, respectively, when the
decomposition of the soybean residues was nearly completed. Plant residues were removed
before vertical soil samples of about 60 g were taken from a depth of 0 cm to 15 cm. Five ran-
dom samples from each pot were mixed as a composite. Portions of the composite samples
were immediately used for the measurements of the following soil characteristics: microbial
populations (3 g soil), enzymatic activities (30 g soil), and different forms of N (10 g soil),
while the remaining soil was air dried and used for the measurements of the soil pH (20 g soil),
exchangeable cations (14 g soil), and organic matters (1 g soil).

The following methods were used to measure different soil characteristics [14]: pH by
potentiometry, exchangeable K™ and Na* by ammonium acetate exchange-flame photometry,
exchangeable Ca** and Mg** by ammonium acetate exchange-atomic absorption spectropho-
tometry, exchangeable A
matter by the K,Cr,0; oxidation-volume method with external heat. NH," and NO;™ were

1** and H" by KCl exchange-neutralization titration, and soil organic

measured with a KCL extraction-flow analyzer by the Nanjing Soil Research Institute, China.
Each sample was measured twice for accuracy.

The soil microorganism population was determined by using the next generation sequenc-
ing (NGS) analysis of the V3-V4 region of bacterial 16S rDNA and fungal ITS regions by Bio-
marker Technologies Corporation, Beijing, China [15]. Briefly, 6 independent soil samples
were taken from each treatment and 3 independent soil samples were taken from CK. Total
DNA extracted from each sample with the NucleoSpin 96 Soil DNA kit (Macherey-Nagel,
Germany) was used as templates for the library preparations of bacterial 16S rDNA and fungal
ITS region. Bacterial rDNA was initially amplified with the primers 338F 5’ ~ACTCCTACGGG
AGGCAGCA-3' and 806R 5’ ~GGACTACHVGGGTWTCTAAT-3" and the fungal ITS DNA
was initially amplified with primers ITS1F (5’ ~-CTTGGTCATTTAGAGGAAGTAA-3") and
ITS2 (5’ ~GCTGCGTTCTTCATCGATGC-3") for the preparation of the libraries. Paired-end
sequencing of the libraries was performed on the Illumina HiSeq 2500 platform. Paired
sequencing reads with a minimum overlap of 10 bases and a maximum mismatch rate of 0.2
were merged as raw tags using FLASH v1.2.11 [16]. The raw tags were then filtered and
cleaned using Trimmomatic v0.33 [17] and UCHIME v8.1 [18] to obtain clean and valid tags.
Clean tags with 97% sequence identity was clustered together as an operational taxonomic unit
(OTU) using USEARCH v10.0 [19]. OTUs were classified according to the SILVA ribosomal
RNA gene database for bacterial and archaeal species [20] and to the UNITE database for the
molecular identification of fungi [21]. The richness of soil microbiomes were measured by
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both the ACE (abundance-based coverage estimator) index and the Chaol index (number of
expected OTUs in a sample among all OTUs identified in all samples) [22].

Soil urease activities were determined using the sodium phenoxide-sodium hypochlorite
method [23], sucrose activities were determined by the 3,5-dinitrosalicylic acid method [24],
and nitrate reductase activities were determined using the phenol disulfonic acid method [25].

Data analysis

Descriptive statistics were generated by SPASS v17.0 to remove outliers with absolute standard
deviation >3. The removed data were one entry each of exchangeable Ca>" in the first CK,
USB, WSB treatments; two and one entry of exchangeable Mg** in the second ASB and WSB
treatment, respectively; one entry of exchangeable AI’* in the third WSB treatment and one
entry of exchangeable Na" in the third USB treatment; one entry each of NH," in CK and
WSB treatments; and one entry of NO5 in USB treatment. ANOVA-Duncan multiple range
tests were used to evaluate the significance of differences in means of pH, exchangeable cat-
ions, organic matter, and microbial abundance. The ACE and Chaol indices of microbial
abundances were computed from the OTUs identified from each treatment with Mothur 1.30
[26]. Redundancy analysis was performed in Canoco 5 [27] to identify soil chemical and physi-
cal factors influencing the soil pH.

Results
Changes of tea garden soil pH in soybean planting and covering treatments

To evaluate the overall effects of the ASB, USB, WSB, and CK treatments on the soil pH, soil
samples were measured for pH at three time points after the completion of each application of
the treatments (Fig 1, S1-S3, S6 Tables in S1 File). ANOVA analysis and Duncan multiple
range tests of the data did not show a significant difference in the soil pH between different
treatments after the first application. However, the soil pH values increased significantly
(P<0.05) by 0.07 after the second ASB treatment, and increased significantly by 0.08 and 0.09
after the third ASB and WSB treatments, respectively, when compared to those of the CK treat-
ment. In contrast, the soil pH decreased slightly after the third USB treatment, but the decrease
was statistically insignificant. Results from these experiments indicated that the aboveground
soybean parts were the main contributor to the increase in soil pH, as demonstrated by the sig-
nificant increases of the soil pH in the ASB and WSB treatments, and insignificantly change in
the soil pH in the USB treatment. These data showed that consecutive soybean planting and
covering increased the pH of the tea garden soil.

Changes of soil exchangeable acidity and exchangeable bases in soybean
planting and covering treatments

After the first ASB, USB, and WSB treatments, acidic exchangeable cations (exchangeable
acidity), consisting of AI’* and H*, decreased slightly but insignificantly across all treatments
in comparison with CK. Basic exchangeable cations (exchangeable bases), consisting of
exchangeable K*, Na*, Ca®* and Mg?*, decreased significantly (P<0.05) in the USB treatment
in comparison with CK (Table 1, S1-S3 Tables in S1 File), but no insignificant changes were
observed in the ASB and WSB treatments.

After the second and third applications, the soil exchangeable acidity in the ASB treatment
decreased by 20.00% and 8.40%, and the exchangeable bases increased by 5.26% and 11.56%,
respectively in comparison with CK. All these changes were significant (P<0.05). Similar
results from the WSB treatment were observed, with 8.24% and 19.47% decrease in the
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Fig 1. Changes of tea garden soil pH in soybean planting and covering treatments. Soil pH was measured at three time points after the completion of each
application of various treatments. Error bar in each column represents + standard error. Different lowercase letters denote significant differences among the means at
the same time point as determined by the Duncan test (P<0.05). CK, control; ASB, aboveground soybean parts; USB, underground soybean parts; WSB, whole

soybean plants.

https://doi.org/10.1371/journal.pone.0254502.9001

Table 1. Changes of soil exchangeable acidity and exchangeable bases in soybean planting and covering treatments.

Sampling dates Exchangeable cations® CK (cmol/kg)b ASB (cmol/kg) USB (cmol/kg) WSB (cmol/kg)
09/09/2017 acidic 2.68+0.09a 2.68+0.05a 2.61£0.08a 2.65x0.11a
basic 10.66+0.13a 10.52+0.12ab 10.18+0.13b 10.43+0.14ab
05/07/2018 acidic 2.55%0.12a 2.04+0.09b 2.35%0.06a 2.34+0.08a
basic 10.46+0.12¢ 11.01+0.20ab 10.56+0.16bc 11.46+0.13a
12/31/2018 acidic 2.62%0.03a 2.40+0.06b 2.60£0.04a 2.11+0.08¢
basic 10.38+0.11c 11.58+0.13a 10.77+0.10b 11.93+0.14a

* The exchangeable acidity and exchangeable bases were summed from exchangeable AI** & H" and exchangeable K*, Na*, Ca** & Mg’ in Table 2, respectively.

® Data represent mean =+ standard error. Different letters on the same line indicate significant differences among treatments as determined by the Duncan test (P<0.05).

CK, control; ASB, aboveground soybean parts; USB, underground soybean parts; WSB, whole soybean plants.

https://doi.org/10.1371/journal.pone.0254502.t001
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exchangeable acidity, and 9.56% and 14.93% increase in the exchangeable bases after the sec-
ond and third applications, respectively. All these changes were significant (P<0.05) except the
exchangeable acidity after the second WSB treatment. In the USB treatment, there was a slight
decrease in exchangeable acidity and slight increases in exchangeable bases after all three appli-
cations. All of these changes were not significant (P<0.05) with the exception of the increase
in the exchangeable bases after the third USB treatment (Table 1).

Since both the decrease in exchangeable acidity and the increase in exchangeable bases con-
tributed to an increase of the soil pH, the sums of the absolute values of the decreased percent-
age of the exchangeable acidity and the increased percentage of the exchangeable bases could
explain the level of the increases in soil pH. These sums were calculated as 25.26% and 19.96%
in the ASB treatment, 17.80% and 34.40% in WSB treatment after the second and third appli-
cations of the treatments, respectively. These changes were much higher than 8.80% and 4.52%
calculated for the USB treatment, indicating that the consecutive WSB and ASB treatments
had accumulative effect in improving soil acidification by reducing the exchangeable acidity
and increasing the exchangeable bases in soil.

The roles of exchangeable cations played in controlling total soil
exchangeable acidity and bases

When exchangeable AI’*, H*, K*, Na*, Ca®*, Mg’" cations were measured and examined, the
dominant roles of exchangeable AI**, K*, Mg®" cations in the change of the soil pH became
apparent (Table 2, S1-S3 Tables in S1 File). The exchangeable AI’* accounted for >82% in the
exchangeable acidity in all treatments and its changes was positively correlated with those of
the exchangeable acidity. Changes in exchangeable H* were unstable, but the differences in

Table 2. Exchangeable cations of tea garden soil in soybean planting and covering treatments.

Sampling dates Exchangeable cation® CK (cmol/kg)b ASB (cmol/kg) USB (cmol/kg) WSB (cmol/kg)

09/09/2017 APY 2.27+0.09a 2.21£0.03a 2.21+0.07a 2.24+0.08a
H* 0.41+£0.01a 0.46+0.02a 0.41+0.03a 0.41+0.02a
K* 0.90+0.06a 0.89+0.05a 0.64+0.05b 0.74+0.04b
Na* 1.42+0.08a 1.09+0.10b 1.00+0.08b 1.13+0.10b
Ca** 8.05+0.02a 8.09+0.02a 8.08+0.02a 8.11+£0.01a
Mger 0.31+0.05b 0.45%0.02a 0.44£0.03a 0.44+0.03a

05/07/2018 APY 2.22+0.15a 1.68+0.08¢ 1.97+0.07b 1.934£0.07b
H* 0.33£0.04b 0.36£0.03ab 0.38+0.02ab 0.41+0.01a
K* 0.92+0.02b 1.55%0.12a 0.84+0.08b 1.73£0.07a
Na* 1.09£0.05a 0.89£0.06a 1.10+0.08a 0.96x0.06a
Ca* 8.12+0.04a 8.23£0.08a 8.21£0.09a 8.31+0.08a
Mg2+ 0.32+0.04¢ 0.53£0.04a 0.40+0.02bc 0.49+0.03ab

12/31/2018 AP* 2.34+0.03a 2.14+0.06b 2.42+0.05a 1.84+0.08c
H* 0.28+0.02a 0.26+0.01a 0.18+0.01b 0.27+0.01a
K* 0.49+0.04d 1.31+0.05b 0.69+0.05¢ 1.55+£0.06a
Na* 1.38+0.09a 1.24+0.04ab 1.28+0.05ab 1.12+0.05b
Ca** 8.30+0.06a 8.46+0.07a 8.44+0.04a 8.39+0.05a
Mger 0.20+0.04d 0.57+0.05b 0.38+0.02c 0.86+0.04a

* Soil exchangeable cations were measured after completion of each application of each treatment.

" Data represent mean + standard error. Different letters on the same line indicate significant differences among treatments as determined by the Duncan test (P<0.05).

CK, control; ASB, aboveground soybean parts; USB, underground soybean parts; WSB, whole soybean plants.

https://doi.org/10.1371/journal.pone.0254502.t002
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most treatments were not significant (P<0.05), except significantly higher at the end of the
second WSB treatment and significant lower at the end of third USB treatment. These data
indicated that AI’* played a dominant role in the exchangeable acidity.

Soil exchangeable K* and Mg*" increased rapidly after consecutive ASB and WSB treat-
ments (Table 2, S1-S3 Tables in S1 File). In comparison with CK, exchangeable K increased
by 68.48% and 167.35%, and exchangeable Mg”" by 65.63% and 185.00% after the second and
third ASB treatment, respectively. The exchangeable K" increased by 88.04% and 216.33%,
and exchangeable Mg”* by 53.13% and 330.00% after the second and third WSB treatment,
respectively. Even in the third USB treatment, both exchangeable K* and Mg*" increased sig-
nificantly by 40.82% and 90.00%, respectively. The trend of these changes was consistent with
those of the exchangeable bases, indicating that K* and Mg** played dominant roles in the
increase of the exchangeable bases.

The contents of exchangeable Ca®* were consistently the largest component of the
exchangeable bases in all the treatments, including the control, but there was no significant dif-
ference among the treatments. The original soil used in this study already contained a high
level of exchangeable Ca®* (6.18cmol/kg), and the additional Ca** might have been introduced
by the fused calcium-magnesium phosphate fertilizer applied during the experiments. Changes
in soil exchangeable Na* were found to be irregular. No significant difference was found
between treatments after the second treatments, but the exchangeable Na* was significantly
higher in CK and lower in the WSB treatment after the first and the third treatment,
respectively.

Soil NH," and NOj3’ in soybean planting and covering treatments

A major benefit of intercropping soybeans in tea gardens is the nitrogen fixed by rhizobial spe-
cies in root nodules, which increases the availability of NH," in soil and improve soil fertility
[28]. The average number of root nodules was 146120 and the average fresh root nodule
weight was 2.46+0.40g per pot in which soybeans were planted. Different forms of N were
then measured after the third application of soybean planting and covering to determine nitro-
gen availability in soil (Fig 2, S4 and S7 Tables in S1 File). Soil NH," was significantly higher in
the WSB treatment than in the other treatments while soil NO;™ was substantially but not sig-
nificantly higher in the USB treatment than the other treatments, as determined by the
Duncan test (P<0.05). These data indicated that the whole soybean plants increased soil NH,"
while soybean roots increased soil NO3'.

The diversity of soil microbes and contents of soil organic matters in
consecutive soybean planting and covering treatments

Soil microbes degrade soybean plant residues to form organic matter, humus. It is a key indi-
cator of soil properties. Soil microbial communities were measured after the third application
of the soybean planting and covering treatments. DNA from soil was extracted and analyzed
by NGS sequencing of bacterial 16S rDNA and fungal ITS regions. After cleaning and filtering,
a total of 1.29 million of high quality, clean, and unique tags were generated from the bacterial
16S rDNA sequencing for all the samples, with an average of 61,298+304 tags per sample and a
minimum of 59,103 tags for the samples (S5 Table in S1 File). A total of 1.45 million unique
clean tags were generated for the fungal ITS sequencing of all the samples, with an average of
69,085+1,129 tags per sample and a minimum of 51,660 tags for the samples (S5 Table in S1
File). Unique bacterial and fungal tags were then classified into operational taxonomic units
(OTUs).
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Fig 2. Contents of soil NHNH," and NO;’ in consecutive soybean planting and covering treatments. NH," and NO;™ were measured at the completion of the third
application of the treatments. Error bar in each column represents + standard error. Different lowercase letters indicate significant differences in the means of NH," or
NO;" among different treatments as determined by the Duncan test (P<0.05). CK, control; ASB, aboveground soybean parts; USB, underground soybean parts; WSB,
whole soybean plants.
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Soybean planting and covering had a significant effect on the richness of soil microbiomes, as
measured by both the ACE index and the Chaol index [22]. The results showed that soybean
planting and covering (ASB, USB, and WSB treatments) significantly increased the microbial
richness than the control (CK), more so in the fungal community than in the bacterial community
(Table 3, S5 Table in S1 File). The richness of the bacterial community increased by 18%~26%
while that of the fungal community increased by 42%-~51%. The richness estimated by both ACE
and Chaol are comparable, confirming the reliability of the estimates. While the WSB and ASB
treatments had a higher mean bacterial richness than the USB treatment, the ASB and USB treat-
ment had a higher fungal abundance. However, these differences were not significant.

Activities of three important microbial enzymes in soil, urease, sucrase, and nitrate reduc-
tase, were measured after the completion of the third application of the treatments (Fig 3, S8
Table in S1 File). The activities of these enzymes were a measure of the soil microbial metabo-
lism, and thus they served as a good indicator of the microbial abundance in the soil. In
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Table 3. Tea garden soil microbial richness in consecutive soybean planting and covering treatments.

Category Abundance index CK* ASB USB WSB

Bacterium ACE 1042.00+97.63b 1296.88+11.65a 1231.65+39.31a 1322.35+14.42a
Chaol 1055.43+95.03b 1305.34+14.97a 1242.85+39.17a 1326.90+14.39a

Fungus ACE 185.41+40.11b 279.63+£13.94a 281.734£29.52a 263.26+9.65a
Chaol 176.25+35.13a 251.77£13.57a 256.58+37.65a 262.41+11.21a

* Data represent mean + standard error of 3 replicates. Different letters on the same line indicate significant differences among treatments as determined by the Duncan
test (P<0.05).CK, control; ASB, aboveground soybean parts; USB, underground soybean parts; WSB, whole soybean plants.

https://doi.org/10.1371/journal.pone.0254502.t003

comparison to the control, activities of these three enzymes increased significantly in all the
treatments, indicating that both the soybean roots and aboveground parts stimulated the pro-
liferation of soil microbiome, as indicated by the increase in the enzymatic activities. All the
enzymes were most active in the WSB treatment, with the activities of the sucrase and nitrate
reductase significantly higher than in the ASB and USB treatments. It was interesting to note
that there were significantly higher soil nitrate reductase activities in the WSB treatment (4.40
+0.18 mg/g/24h) than those in the USB treatment (3.53+0.07mg/g/24h), although though both
treatments contained the soybean underground root residues in the soil.

The increase in soil microbiome abundance was also corroborated by the significant
increase in the content of soil organic matter (SOM) (S4 and S9 Tables in S1 File). The dry soy-
bean matter for the ASB and WSB treatments weighted respectively at 68.59+5.83g and 75.60
+6.34g per pot, much more than that of USB treatment at 3.85+0.56g per pot. After the com-
pletion of the third application of all the treatments, the contents of SOM were measured at
1.30+0.09%, 1.76+0.04%, 1.67+0.03%, and 2.03+0.04%, respectively in the CK, ASB, USB, and
WSB treatments. ANOVA and Duncan multiple range test showed that all soybean planting
and covering treatments had significantly increased SOM (S9 Table in S1 File), with the SOM
contents significantly higher (P<0.05) in the three treatments than in CK, and significantly
higher in the WSB treatment than in the ASB and USB treatments. The contents of SOM were
positively correlated with the amounts of dry soybean matters, soil microbial richness
(Table 3), and soil enzymatic activities (Fig 3). The small difference in the content of SOM,
despite the large difference in the amount of soybean dry matters between the ASB and USB
treatment, suggested that soybean root systems and root residues were highly active in pro-
moting soil microbial growth, leading to a higher rate of SOM conversion.

Correlations of exchangeable cations and organic matter to the soil pH

Redundancy analysis [27] was conducted using the dataset collected at the last time point
(12/31/2018) to identify key factors that influenced the soil pH, with pH values as a dependent
variable and soil characteristics as independent variables (Fig 4). The exchangeable base,
exchangeable Mg** and K, and organic matter are significantly and positively correlated to
the soil pH; while the exchangeable total acidity and exchangeable AI** are significantly and
negatively correlated. Ca>* and H* played a positive but unsubstantial role in increasing the
soil pH. These data showed that the tea garden soil pH was determined largely by exchangeable
Mg**, K*, AI’* and organic matter.

Discussion

In this study, we demonstrated differential effects of the aboveground parts and the under-
ground root system of soybeans on the soil pH, effectively addressing the controversy of
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planting legume crops on increasing soil acidification in theory but improving soil pH in prac-
tice. Treatments with the aboveground soybean (ASB) parts and the whole soybean (WSB)
plants significantly increased the soil pH while the treatment with the underground soybean
(USB) root system had negative but insignificant effect on the soil pH (Fig 1). These effects
were mediated by the changes in the increase of specific exchangeable bases, particularly
exchangeable K* & Mg®*, and in the decrease of specific exchangeable acidity, specifically
exchangeable AI’". The increase of the soil organic matter (SOM) contents brought about by
increased microbial richness and abundance also had a significant impact on the soil pH.

A major finding of this study is the differential roles of the aboveground and underground
soybean parts played in effecting the soil pH (Fig 1). The contribution of aboveground soybean
parts to the increase in the soil pH is well supported from previous studies. Soil covering with
the aboveground residues of canola, chickpea and wheat has been reported to increase the soil
pH due to the sequestering of H* by the added organic matters and alkalinity released from
the ammonification and decarboxylation processes during the degradation of the organic mat-
ter [29]. Similar results have also been reported with faba bean and wheat residues as a soil
cover [30].
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Fig 4. Correlations of exchangeable cations and organic matter to the soil pH. Various soil characteristics are used
as independent variables to assess their contribution to the dependent variable, soil pH, in this redundancy analysis. E.
Al = exchangeable AI**, E.H = exchangeable H*, E.A = exchangeable acidity (E.Al + E.H), E.X = exchangeable K", E.
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+ E.Ca + E.Mg), O.M = organic matter of soil.
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The contribution of the underground soybean root system to a decrease in the soil
pH is a somewhat novel finding from this study. The nitrification of NH," fixed by root-
associated rhizobial species could be a major contributor to the decreased soil pH. Nitrification
of NH," into NO;5™ have been found to increase the H* concentration in the soil [8, 9]. This is
consistent with the finding of less NH," and more NOj3" in the USB treatment than in the
WSB treatment in this study (Fig 2). The increase in NH," in the WSB treatment could be
explained by the significantly higher activities of soil nitrate reductase in the WSB treatment
than in the USB treatment (Fig 3). Nitrate reductase catalyzes the conversion of NO5™ to NO;,
which is then converted to NH,* (NH;) [31]. Similar increases in NH," were also observed in
soybean-tea intercropping [32], and in soils with lupin and wheat plant materials incorporated
[33].

NH," in the USB treatment was relatively unchanged in comparison with the CK treatment
even though the amount of NH," fixed by the rhizobial nodules should be expected at a similar
level as that in the WSB treatment. It is possible that a substantial portion of fixed NH," has
been transferred to the aboveground parts of soybeans or transformed into NO3’, a process
that also releases H to reduce the soil pH of USB [8, 9].

Decomposition of the larger amount of soybean dry matters could possibly explain the
observed changes in the exchangeable acidity and bases in the ASB and WSB treatment
(Table 1). Humus degraded from soybean plants adds the amorphous specific surface area of
soil colloids and raises the soil cation exchange capacity, which increase exchangeable base cat-
ions and decrease exchangeable acidic cations [34]. A similar mechanism was proposed for the
increased pH in soils covered with legume, wheat, and rice plant materials [35, 36]. The
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increase in exchangeable base and the decrease in exchangeable acid can increase soil pH,
therefore improving soil acidification [37].

Measurements of exchangeable cations identified Mg** and K* as major players in the
increase of the exchangeable bases and the exchangeable Al** as a major contributor in the
decrease of the exchangeable acidity (Table 2). The exchangeable acidity and the exchangeable
AI’" but not the exchangeable H" were found to be significantly and negatively correlated to
the soil pH in this study (Fig 4), consistent with a previously report [38]. The exchangeable
base, exchangeable Mg** and K*, and organic matter are significantly and positively correlated
to the soil pH. This agrees with previous reports that the main buffering substances for acidity
in the soil between pH 4.2 and 5.0 included exchangeable base cations [39] and were affected
by organic matters [40]. The dramatic increase in exchangeable K* and Mg*" could be attrib-
uted to soybean planting and covering. Soybean straw were reported to contain abundant K*
and Mg”* at 16.21 cmol/kg and 17.86 cmol/kg, respectively [38], which could be converted to
exchangeable K* and Mg** in soil after decomposition of soybean residues. Soybean planting
was previously shown to improve soil physicochemical properties and increase the exchange-
able K" and Mg*" [11, 32].

All the soybean planting and covering treatments significantly increased the abundance of
soil bacteria and fungi, activities of enzymes in soil, and SOM contents in this study. SOM has
been reported to sequester AI>*, which reduces the concentration of exchangeable AI’* and
improves the acidity of soil [41]. The increased richness and metabolic activities of microbes
in the soil can promote degradation of plant residues to form humus and improved the colloid
structure of the soil, which further enhances the ability of soil to absorb H* and released OH"
in the soil solution [13], and eventually increase the soil pH [12]. Similar mechanisms have
been proposed to account for the interactive effects on the soil pH, types of plant residues, and
microbes [42] and for the effect of organic fertilizers on soil microbial communities [28].

The whole soybean plants contained more dry matters and therefore increased the soil
SOM the most, in agreement with the results of Duan et al. [32]. Soybean plant residues were
also reported to serve as an organic fertilizer to increase the soil pH [43]. Despite the fact that
soybean root residues contained a very small amount of dry matters, the SOM in the USB
treatment still increased significantly to a high level. This demonstrated the importance of a
very active microbiome and microbial metabolic activities in the rhizosphere promoted by soy-
bean roots. The higher SOM content in the USB treatment than in CK, however, had no effect
on the soil pH. One plausible explanation is that the beneficial effect of SOM had been offset
by the increased H" produced from NH," fixed by the rhizobial community in the root system
of soybeans.

It was interesting to note that the soil pH in the controls also increased by 0.28 unit, from
4.36+0.01 at the beginning of the study to 4.64+0.02 at the end of the study. This was likely
caused by the use of the basic fertilizer (pH 9.7) and irrigation with weak basic water (pH 7.4)
during the experiments. Another limitation of this study is that these effects were evaluated
only in tea garden soil in pots. This approach was designed to avoid the complications caused
by large variations in soil properties within a tea garden and between tea gardens. Further
studies are needed to dissect further the differential effects of the aboveground and the under-
ground parts of soybeans on the soil pH in tea gardens.

Conclusions

Soybean planting increased the pH of the acidified tea garden soil. The aboveground parts of
soybean plant contributed the most to the increase of the soil pH while the soybean roots
played little if any role in effecting the soil pH. The change in the pH of the tea garden soil was
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mediated through the increase in the exchangeable bases and the decrease in the exchangeable
acidity. Exchangeable Mg** and K* played key roles in the changes in the total exchangeable
bases while the exchangeable AI’* in the exchangeable acidity. The increased richness and
abundance in soil microbiome promoted by soybean planting led to higher metabolic activities
and consequently higher soil organic matters, resulting in the improvement of the soil acidity.
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(PDF)
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