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Abstract: To investigate the interrelationships among biochar, soil nutrients, and soybean plant
growth in more detail, the root nodulation response of soybean (Glycine max L.) to biochar application
was analyzed in a field study. We further examined the biochar effect on soil phosphatase activity
to elucidate the relationships among biochar, phosphatase activity, and plant phosphorus uptake.
Soybean was planted in a sandy field wherein the biochar and irrigation conditions were considered
the two treatment factors. In our result, irrigation increased the pod number and plant height by 20.7%
and 11.1%, respectively. Irrigation reduced the shoot and root dry matter content by 67.9% and 75.1%,
respectively. The nodule number increased by 37% due to biochar addition under irrigated conditions.
The soil carbon concentration was elevated by 13.4% with biochar application under rainfed conditions.
Acid phosphomonoesterase (APM) was increased by 21.8% in the biochar-incorporated plots under
the irrigated condition. Principal component analysis and redundancy analysis suggested that
biochar application enhanced the relationships between the nodule number and soil potassium
and magnesium concentrations. The correlation between soil sulfur content and nodule number
was eliminated by biochar application. APM activity was associated with higher shoot and root
phosphorus content and shoot dry weight after biochar application.

Keywords: biochar; irrigation; phosphatase activity; soybean root nodulation; redundancy analysis

1. Introduction

Biochar is a carbon (C)-rich material with high chemical stability. Its condensed aromatic structure
is considered the main component that is difficult to degrade. This stabilized C compound may
increase soil C sequestration and reduce CO2 emissions [1,2]. However, biochar produced at low
temperatures was reported to have a substantial proportion of nonaromatic C, which may be more
prone to oxidation [3,4], that can be used by microorganisms as a C source [5,6]. This will provide
organic matter content and thus reduce chemical fertilizer application for a sustainable agrosystem.
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Nitrogen (N) is an essential element for the synthesis of major biomolecules in plants [7]. Chemical
N fertilizer application is a main approach to supplement crops with N in agricultural ecosystems;
however, it may be at the cost of energy, labor, and environmental damage [8,9]. One sustainable N
source is biological nitrogen fixation (BNF). The N fixed by soybean–rhizobium symbiosis can amount
up to 450 kg ha−1 [10]. Nevertheless, drought is a limiting factor on the nodulation and the growth
of the host legume in sandy soil. Rhizobia can survive in arid fields, but their population is at its
lowest under these conditions, which may reduce the efficacy of inoculation for the host legume [11].
The coexisting acidic and basic properties of the surface of biochar may influence the water holding
capacity and ion retention of the soil [4]. In addition, the high porosity of biochar may provide a habitat
for microorganisms that can decompose the organic matter on the biochar surface [12]. Accordingly,
biochar was used as an inoculant carrier to enhance the rhizobium survival rate and the soybean
nodulation rate [13,14].

Sulfur (S) can be used as fertilizer in a soybean field to enhance BNF, nodulation and crop
biomass [15,16]. It has been reported that the BNF responds to S deficits even faster than to
photosynthesis [16,17]. At the early stage of nodulation, nodule formation is affected by S because the
demand for N by legumes is altered by the S supply [16]. An increase in nodule numbers was observed
in S-added soil by Anderson and Spencer (1950) [18], and in turn, an S deficit caused lower nodule
formation in comparison to S-sufficient conditions [15]. In the nodules, an S-containing antioxidant
named glutathione was highly correlated with nitrogenase activity and thus could regulate BNF [19].
During N2 fixation, S is an essential element involved in the formation of the nitrogenase complex
(Fe–S), which is responsible for the N2 reduction process [17,20]. Overall, S uptake, assimilation, and
metabolism are strongly associated with BNF [20,21].

Biochar, plant roots, and microorganisms interact through multifaceted reactions [4,22–24]. In these
interactions, enzymes are reaction catalysts that maintain the nutrient dynamics and soil health [25].
For example, in the organic phosphorus (P) mineralization process, acid and alkaline phosphatases are
involved in phosphomonoester hydrolysis to release phosphate. These phosphatases are more sensitive
to variations in soil pH than in the organic matter content [26,27]. Liming was observed to elevate the
alkaline phosphatase activity due to the increasing soil pH [28]. However, in a number of experiments,
the mechanisms behind the biochar effect on phosphatases has not been clarified, even though biochar
can increase the soil pH. Li et al. (2017) observed that biochar addition enhanced alkaline phosphatase
activity [29–31]. Masto et al. (2013) reported that biochar increased acid phosphatase activity by
32% and alkaline phosphatase activity by 22.8% [12]. The enhancements were attributed to increased
microbial abundance or microbial community by biochar application. On the other hand, no effect of
biochar on phosphatase activity was found either [32,33], suggesting that the enzyme or its substrate
was not absorbed by the biochar.

Actually, there is evidence of specific mechanisms among biochar and plant roots, and soil
chemical and biochemical properties [34,35]; however, studies have rarely been performed under a
natural field setting. When data are averaged, this process can eliminate the small differences caused
by the conditions of each replication of the experiment, especially in field studies. Each replication can
be seen as a single observation that has its own specificity and heterogeneity. A better experimental
methodology or a more in-depth exploration of the data and analysis would be more ideal and precise.
Therefore, this work uses a principal component analysis (PCA) and redundancy analysis (RDA) to (1)
analyze the soybean plant growth response to irrigation and biochar addition, (2) investigate the root
nodulation response to soil nutrients when biochar is added to soybean fields, and (3) examine the
effects of irrigation and biochar on soil phosphatase activity.
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2. Materials and Methods

2.1. Field Site and Design

The biochar was derived from black cherry wood and produced at 450 ◦C for 9 days by a
biochar company (Terra Anima®online shop). The particle size was less than 4 mm. The biochar
was characterized by 415 g kg−1 total C, 3.8 g kg−1 total N, 0.6 g kg−1 total S, 8893 mg kg−1 Ca,
1151 mg kg−1 K, 471 mg kg−1 Mg, 326 mg kg−1 P, 111 C:N ratio, 8.4 pH (H2O), 22.7 cmol+ kg−1 cation
exchange capacity (CEC), and 400 m2 g−1 surface area. The field experiment was performed on a sandy
soil (sand: 77%, silt: 15%, and clay: 8%) at the Leibniz Centre for Agricultural Landscape Research
(ZALF), Müncheberg, Germany (52.52◦N, 14.11◦ E) in 2016. Soil characteristics are as follows: 9.2 g kg−1

total C, 1.0 g kg−1 total N, 0.2 g kg−1 total S, 2103 mg kg−1 Ca, 1080 mg kg−1 K, 954 mg kg −1 Mg,
419 mg kg−1 P, 9.3 C:N ratio, 6.3 pH (H2O), and 4.9 cmol+ kg−1 cation exchange capacity (CEC).
The field was laid out along a transect that consisted of 7 plots (row) in length and 4 plots (line) in
width. The plot size was 4.0 m × 3.3 m, and the spacing between plots was 7.0 m along the transect.
Each row included 4 treatments; therefore, the 7 rows were considered as 7 replications. The four
treatments were randomly arranged along each row. The treatments were as follows: (a) 10 t ha−1

biochar application with irrigation, (b) 10 t ha−1 biochar application without irrigation, (c) no biochar
application with irrigation, and (d) no biochar application without irrigation. 10 t ha−1 of biochar were
applied in biochar-treated field plots and subsequently ploughed into 15 cm soil depth before sowing.
The dose of biochar referred to several previous field research studies [36,37]. Soybean (Glycine max L.
var. sultana), which was purchased from the company BASF Services Europe, was planted in 8 rows in
each plot. The spacing between rows was 35 cm, and the seeding rate was 80 seeds m−2. The seeds
were inoculated with Bradyrhizobium japonicum (HISTICK®Soy, BASF Services Europe Inc., Berlin,
Germany) at a rate of 2 × 109 CFU/g before planting. The irrigation amount was calculated by the
decision support system “Irrigama”, developed at ZALF (Mirschel and Wenkel, 2004; Wenkel et al.,
1988; Wenkel, 2011), which was based on a model that was calculated according to the climate, soil
quality, and development stage of the plants. The calculation was based on primary data measured and
evaluated in Müncheberg. Irrigation water was provided for four days to two lines of plots (11 July,
19 July, 22 July, and 25 July) and amounted to 75 mm in total. The other two lines of plots were not
irrigated. In addition, 100 kg ha−1 (46 kg P2O5 ha−1) triple superphosphate fertilizer was applied
to all plots. Considering the sandy, nutrient-poor soil at our field study site (sand: 77%, silt: 15%,
and clay: 8%), an amendment of 100 kg ha−1 (46 kg P2O5 ha−1) triple superphosphate fertilizer was
supplied for nutrient compensation, according to other long-term field experiments in our region [38].
Furthermore, lime was supplied according to local practice in an amount of 2000 kg ha−1 to all plots in
order to stabilize soil pH at 6.26 [38]. The average temperature was 19.0 ◦C during the crop season,
the precipitation was 450.9 mm, falling from May 12 to September 15.

2.2. Measurements of Plant Dry Mass and Nutrient Concentrations

Fifteen plants were sampled from four representative points in each plot 90 days after planting.
The whole plant was carefully removed from the soil. The shoots and roots were separated, and then
the roots were stored at 4 ◦C for nodule collection. The roots were washed with tap water and air-dried
after the nodules were collected. Subsequently, all plant samples were moved to an oven and dried at
68 ◦C for 48 h. The samples were crushed by a mill equipped with a 1 mm screen after the dry weight
was measured. The shoot and root dry matter contents were subsequently calculated. The crushed
sample powder was prepared for the determination of plant N, P, and potassium (K) concentrations.
The N, P, and K concentrations were determined by an inductively coupled plasma optical emission
spectrometer (ICP-OES; iCAP 6300 Duo).
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2.3. Measurements of the Plant Growth Parameters and Yield Components

Twelve plants were selected for nondestructive measurements from four representative positions
in each plot before harvesting. Three plants were selected from each position. The sampling positions
were evenly spread out in the plot to minimize field heterogeneity. Growth parameters and yield
data related to the plant cohorts were collected. The nondestructive measurements included the plant
heights measured to the tip of the apical meristem and the number of pods, which were counted
from the same plants that were used for the plant height measurements. Five of the eight rows were
harvested for the yield calculation and thousand-seed weights.

2.4. Nodule Sampling and Leghemoglobin Content Analysis

After the roots (collected for root biomass in 2.3) were washed with tap water, the nodules were
removed from the roots and counted. Then, the nodules were stored until the leghemoglobin (Lb)
content analysis was performed. The Lb content was analyzed by a protocol that followed the methods
described by Wilson and Reisenauer (1963) [39]. In brief, 0.5 mg of nodule tissue was ground with
a mortar, and the thick liquid from the nodule tissue was moved to a 10 mL tube. The mortar was
rinsed three times with 3 mL of Drabkin’s solution. The tube was centrifuged at 500× g for 15 min.
The nodule tissue was extracted twice more with 3 mL of Drabkin’s solution. The supernatants were
combined, and the volume was adjusted to 10 mL with Drabkin’s solution. Then, the mixture was
shaken and centrifuged at 20,000× g for 30 min. The analysis was standardized with a freshly prepared
solution of bovine hemoglobin.

2.5. Soil Analyses

For soil sampling, the plant roots were carefully removed from 0 to 15 cm in depth, and then
the rhizosphere soil was collected. The total carbon (Ct), nitrogen (Nt), and sulfur (St) contents were
measured by the dry combustion method [40], using an elemental determinator (TruSpec CNS). P, K,
magnesium (Mg), and calcium (Ca) were determined with an ICP-OES (iCAP 6300 Duo). The CEC
was determined using the method ISO 13536:1995 by ICP-OES (iCAP 6300 Duo) [41].

2.6. Acid and Alkaline Phosphomonoesterase Activity Assays

Moist soil (0.5 g) was placed in a 15 mL vial, and 2 mL of MUB buffer (pH 6.5 for the acid
phosphatase assay or pH 11 for the alkaline phosphatase assay) and 0.5 mL of p-nitrophenyl phosphate
substrate solution (0.05 M) were added to the vial sequentially. The assay and control batches were
replicated 3 times. The soil suspension was incubated in a water bath at 37 ◦C, and after the vial was
capped, the vial was shaken at 300 rpm. After 1 h of incubation, the vial was removed from the water
bath and 2 mL of NaOH (0.5 M), 0.5 mL of CaCl2 (0.5 M), and 5 mL of distilled water were subsequently
added to cease the reaction. One milliliter of the soil suspension was centrifuged at 6500 rpm for 5 min.
The color intensity of the supernatant was measured at 410 nm in a spectrophotometer. A calibration
standard curve was obtained with five standard solutions containing 0, 10, 20, 30, 40, and 50 µg of
p-nitrophenol. The controls were assayed following the same procedure, but the substrate was added
after the addition of NaOH, CaCl2, and distilled water [26].

2.7. Statistical Analysis

All data were subjected to the general linear model procedure to analyze the variance.
The significance between treatments was tested with LSR at the p < 0.05 level. These analyses
were performed with SPSS 22 (IBM Deutschland GmbH, Ehningen, Germany). A principal component
analysis was conducted to determine the correlations between the variables in Python 3.6.5. A biplot
was utilized to visualize the results of the PCA. However, the PCA could not easily explain the
multivariate response data. A redundancy analysis was used to clarify the dependent relationships
between the explanatory variables (soil properties) and response variables (crop parameters) in R
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3.5.1. The RDA used multiple linear regressions by allowing the regression of multiple response
variables on multiple explanatory variables. The results of the RDA were shown on a triplot, on which
the angles between arrows of the response and explanatory variables denote correlations; however,
the angles between arrows of the explanatory variables may not be accurate enough to explain the
correlations [42].

3. Results

3.1. Plant Growth Parameters and Soybean Yield Components

The plant dry matter and plant nutrient concentrations were not significantly affected by the
biochar amendment 90 days after planting. While shoot dry matter weight increased significantly
due to irrigation from 616–625 g m−2 to 694–697 g m−2, there were no significant differences for
the root and seed dry weights. The shoot and root dry matter contents were reduced by irrigation
from 26.7 and 67.9% to 30.4 and 75.1%, respectively. The plant shoot N and P concentrations, root
N and P concentrations, and shoot dry matter were significantly increased by 8.6%, 15.0%, 18.1%,
55.4%, and 12.1% with irrigation in comparison to those with the rainfed treatment, respectively.
The soybean grain yield was not significantly increased by irrigation or biochar application. It ranged
from 2.57 t ha−1 to 2.75 t ha−1 in all treatments (Table 1).

Table 1. Plant growth parameters and nutrient concentrations under treatment of biochar and/or
irrigation in field trail.

Plant Measures
Shoot Dry

Weight
(g m−2)

Root Dry
Weight
(g m−2)

Grain Yield
(t ha−1)

Shoot Dry
Matter

Content (%)

Root Dry
Matter

Content (%)

Irrigation + biochar 694 ± 17 a 70 ± 2 a 2.85 ± 0.24 a 26.96 ± 0.37 b 67.08 ± 1.23 b
Irrigation − biochar 697 ± 17 a 71 ± 3 a 2.72 ± 0.12 a 26.52 ± 0.27 b 68.60 ± 2.35 b
Rainfed + biochar 616 ± 14 b 66 ± 3 a 2.59 ± 0.09 a 30.49 ± 0.32 a 74.83 ± 1.63 a
Rainfed − biochar 625 ± 10 b 68 ± 3 a 2.55 ± 0.10 a 30.39 ± 0.41 a 75.29 ± 1.41 a

Plant Nutrient
Concentration

Shoot

N (g kg−1) P (g kg−1) K (g kg−1) Mg (g kg−1)

Irrigation + biochar 23.69 ± 0.69 a 3.51 ± 0.08 a 20.92 ± 0.32 a 3.38 ± 0.09 a
Irrigation − biochar 23.21 ± 0.85 a 3.53 ± 0.04 a 21.42 ± 0.58 a 3.61 ± 0.05 a
Rainfed + biochar 21.68 ± 0.25 b 3.06 ± 0.05 b 20.80 ± 0.20 a 3.69 ± 0.09 a
Rainfed − biochar 21.49 ± 0.35 b 3.06 ± 0.12 b 20.45 ± 0.20 a 3.66 ± 0.10 a

Plant Nutrient
Concentration

Root

N (g kg−1) P (g kg−1) K (g kg−1) Mg (g kg−1)

Irrigation + biochar 7.55 ± 0.41 a 1.67 ± 0.12 a 12.23 ± 0.48 a 2.49 ± 0.14 a
Irrigation − biochar 7.84 ± 0.36 a 1.50 ± 0.09 a 12.20 ± 0.36 a 2.47 ± 0.11 a
Rainfed + biochar 6.61 ± 0.09 b 1.04 ± 0.03 b 10.40 ± 0.44 a 2.25 ± 0.09 a
Rainfed − biochar 6.42 ± 0.12 b 1.00 ± 0.04 b 10.28 ± 0.35 a 2.31 ± 0.06 a

Data presented as mean ± SE. Data were compared among treatments and control using the Duncan test at p < 0.05.
The significance of difference indicated by different letter.

The rainfed plots showed 6.6% or 11 g higher values of thousand-seed weight than in the irrigated
plots (Figure 1A). The plant height was enhanced significantly by irrigation from 85.4 to 94.9 cm by
11.1%, whereas there was no significant effect from biochar application (Figure 1B). The irrigation effect
was considered significant for the differences in soybean pod number between plots with and without
irrigation. Irrigation significantly increased the pod number from 22.5 to 27.2 per plant, which was by
20.7% (Figure 1C).
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Figure 1. Effects of biochar and irrigation on thousand-seed weight, plant height, and pod number of
soybean. Error bars (standard error) followed by a different letter within each column are significantly
different at p < 0.05 using the Duncan test.

3.2. Nodulation, Lb Content, and Phosphatase Activity

The number of nodules was 25.9 and 35.5 per plant for the control and biochar-amended plots
under the irrigated conditions, respectively, and the number of nodules significantly increased by
37.0% with biochar application (Table 2). However, the nodule number, ranging from 12 to 17 per plant,
was not significantly affected by biochar application under rainfed conditions. Irrigation enhanced the
nodule number by 107.1% in comparison to that of the rainfed treatment, which ranged from 12–17
to 26–35 per plant. The Lb content did not vary with biochar addition under either the irrigated or
the rainfed conditions. No significant increase in alkaline phosphomono-esterase (AKP) activity was
observed with the biochar or irrigation treatments. Irrigation increased acid phosphomonoesterase
(APM) from 6.13 to 7.47 µmol pNP g−1 h−1 by 21.8% in the biochar-incorporated plots, whereas no
effect was observed in the control treatment.
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Table 2. Nodule number, leghemoglobin content, soil enzyme activities, and soil water content under
biochar and/or irrigation treatment in a field trial.

Nodule Number Lb Content AKP Activity APM Activity Soil Water
Content

Unit plant−1 mg gFW−1 µmol pNP g−1 h−1 µmol pNP g−1 h−1 %

Irrigation + biochar 35.46 ± 4.32 a 70 ± 2 a 3.19 ± 0.89 a 7.47 ± 0.42 a 6.9 ± 0.8 a
Irrigation − biochar 25.88 ± 3.61 b 71 ± 3 a 2.67 ± 0.72 a 7.15 ± 0.52 ab 6.3 ± 0.7 a
Rainfed + biochar 17.38 ± 3.97 c 66 ± 3 a 2.70 ± 0.36 a 6.13 ± 0.40 b 6.5 ± 0.5 a
Rainfed − biochar 12.24 ± 1.28 c 68 ± 3 a 2.82 ± 0.46 a 5.97 ± 0.22 b 5.8 ± 0.5 a

Data presented as mean ± SE. Data were compared among treatments and control using the Duncan test at p < 0.05.
The significance of difference indicated by different letter. Lb: Leghemoglobin; AKP: Alkaline phosphomonoesterase;
APM: Acid phosphomonoesterase.

3.3. Soil Chemical Properties

The soil total C content was significantly increased by 13.4% with biochar application under the
rainfed conditions, however, the effect was not observed under irrigated conditions (Table 3). The soil
P content was slightly decreased by 4% with irrigation, but the difference was not significant. The soil
K and Mg contents increased by 3% and 7% with irrigation, respectively, but the differences were not
significant. Soil N, S, Ca, CEC, and pH were not significantly enhanced by biochar or irrigation

Table 3. Soil chemical properties under treatment of biochar and/or irrigation in field trail.

Soil
Properties C N S P K Ca Mg CEC pH (H2O)

Unit g kg−1 g kg−1 g kg−1 mg kg−1 mg kg−1 mg kg−1 mg kg−1 cmol+ kg−1

Irrigation +
biochar

11.00 ± 0.44
ab

1.01 ± 0.05
a

0.23 ± 0.01
a 379 ± 4 a 1066 ± 41

a
1441 ± 168

a 924 ± 22 a 4.88 ± 0.43
a

6.51 ± 0.17
a

Irrigation −
biochar

10.30 ± 0.43
ab

1.06 ± 0.05
a

0.24 ± 0.01
a 379 ± 8 a 1040 ± 45

a
1352 ± 162

a 945 ± 34 a 4.58 ± 0.44
a

6.32 ± 0.18
a

Rainfed +
biochar

11.48 ± 0.41
a

1.10 ± 0.04
a

0.24 ± 0.00
a 396 ± 8 a 1017 ± 55

a 1404 ± 90 a 864 ± 43 a 4.93 ± 0.29
a

6.52 ± 0.07
a

Rainfed −
biochar

10.12 ± 0.23
b

1.06 ± 0.04
a

0.23 ± 0.01
a 390 ± 8 a 1035 ± 70

a 1325 ± 86 a 890 ± 52 a 4.59 ± 0.28
a

6.41 ± 0.17
a

Data presented as mean ± SE. Data were compared among treatments and control using the Duncan test at p < 0.05.
The significance of difference indicated by different letter.

3.4. Principal Component Analysis

Before the PCA was conducted, the feature weights were computed to show the contribution of
the variables to the principal component (PC). The six PCs explained 35.0%, 21.6%, 12.6%, 10.3%, 7.0%,
and 5.7% of the total variance for the biochar-incorporated soil, and 41.4%, 18.7%, 15.5%, 9.9%, 5.8%,
and 3.5% of the total variance for the control soil, respectively. For the biochar treatments, soil St, Ca,
CEC, and AKP were highly positively correlated with PC1, and APM was negatively correlated with
PC1 (Figure 2A). Nodule number and soil K and Mg were negatively correlated with PC2. Without
biochar amendment, soil CEC, AKP, and Ca were highly correlated with PC1, whereas the Lb content
was negatively correlated with PC2 (Figure 2B).
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Figure 2. Principal component analysis (PCA)-ordination biplot of the first two components showing the
PCA of variables in biochar-amended soil (A) and no biochar soil (B). APM: Acid phosphomonoesterase,
AKP: Acid phosphomonoesterase, Ct: Total C content, LbC: Leghemoglobin content, NN: Nodule
number, Nt: Total N content, St: Total S content.

The high contribution of Nt and nodule number to PC1 for the control soil changed to PC2 for
the biochar-incorporated soil. K and Mg changed from being positively correlated with PC2 for the
control soil to being negatively correlated with PC2 for the biochar-amended soil. The contribution
of St to PC1 was enhanced in the biochar-incorporated soil in comparison to that in the control
soil. This result indicated that Nt, K, Mg, St, and nodule number were altered following biochar
incorporation. The loading values of CEC, AKP, and Ca on PC1 were consistently high for both soils.
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3.5. Redundancy Analysis

The data from the response variables (yield, nodule number, shoot N, shoot K, shoot P, shoot
Mg, root N, root K, root P, and root Mg) were standardized before the RDA was performed. The first
six RDAs explained 36.4%, 22.4%, 15.8%, 9.4%, 6.1%, and 4.0% of the total variance in the crop and
nodule parameters for the biochar-incorporated soil data and explained 41.0%, 25.6%, 13.3%, 7.7%,
4.4%, 3.6%, and 2.5% of the total variance in the crop and nodule parameters for the control soil.
The biochar-treated soil showed that (Figure 3A): (1) Crop yield, root dry weight, and root Mg were
positively correlated with AKP, (2) nodule number, root P, shoot dry weight, and shoot P were positively
correlated with APM, (3) root K and shoot N were negatively correlated with Nt, and (4) shoot K
was negatively correlated with the Lb content, St, and CEC. The control soil showed that (Figure 3B):
(1) Crop yield, shoot dry weight, shoot N, and root K were positively correlated with APM and the
Lb content, but negatively correlated with P, (2) shoot K was negatively correlated with P, (3) shoot
Mg was negatively correlated with Ct, St, Ca, CEC, and AKP, and (4) root dry weight was positively
correlated with Ct, Ca, CEC, and AKP, whereas root Mg was negatively correlated with Ct and St.
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4. Discussion

4.1. Plant Growth Response to Irrigation and Biochar Addition

The plant height and pod number increased with irrigation, whereas the thousand-seed weight
decreased significantly, and the grain yield was not significantly enhanced. It has been proven that shoot
competition may have effects on reproduction because the reproductive structures were found in the
shoots. Meristem allocation is influenced by shoot competition [43,44]. Plants normally increase their
height at the cost of lateral growth when under adequate water conditions [45,46]. As a consequence,
the branch number will also be decreased [47], which may decrease the potential of plants to produce
meristems for reproduction. Accordingly, a greater plant height and pod number was accompanied by
a lower thousand-seed weight, resulting in a uniform grain yield between the irrigated conditions and
rainfed conditions. The increased plant growth was from more vegetative growth, but carbohydrate
allocation to the seed was thus reduced.

In general, the dry matter contents of plants grown under water stress increase due to the
higher accumulation of assimilates as plant metabolism or activation of stress responses require
assimilates [48,49]. The higher plant biomass was accompanied by a greater plant water content
and lower dry matter content. Carbohydrate accumulation occurs under drought stress conditions,
e.g., sucrose and sugar alcohols [50,51]. Both the shoot and root dry matter contents were enhanced by
irrigation in the current study. The dry weight of plants has been widely reported to be increased by
biochar application [35,52,53], and biochar has also been found not to increase plant dry weight [17].
However, there is a lack of research concerning the biochar effect on the dry matter content of plants.
In our study, the enhanced correlations between the shoot dry matter content and shoot N, root N, and
root Mg by biochar application is likely due to the promoting effect of biochar on nodulation. Biochar
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also enhanced the correlation between the root dry matter content and APM activity. Biochar showed
the potential to affect P uptake as shoot dry matter content and APM activity had a strong correlation
with shoot P, root P, and shoot dry weight under the biochar treatment.

4.2. Biochar Influence on Soil C

Biochar is a C-rich solid material obtained from thermochemical conversion of biomass in an
oxygen-limited environment and mainly consists of two forms, as aromatic and nonaromatic C.
The condensed aromatic structure of biochar makes it commonly hard to degrade [4]. Novak et al.
found that high pyrolysis temperature may contribute to a relatively low level of surface oxidation
of the pecan shell biochar and, hence, the lack of a significant impact of biochar additions on CEC,
and concluded that low-temperature biochars would most likely also increase soil C sequestration,
but they would probably more rapidly change soil fertility characteristics when compared with using
high-temperature biochars [54]. However, a biochar aging reaction is assumed after it is incorporated
into the soil, and more detailed, chemical studies are required in this context. In the present study,
the addition of biochar derived from black cherry wood (produced at 450 ◦C) provided a significantly
greater total C content under rainfed conditions than that of the control, while the difference was not
significant under the irrigated conditions. It is most likely, and the only conclusive statement for us
unless results from more detailed studies would be available, that the dissolution and leaching of
organic compounds from biochar are more readily available at the first stage of aging if the soil is
under humid conditions [4,55,56]. Lastly, high loading values of the total C content on PC1 and PC2
implied that C storage could potentially benefit from biochar application in sandy soil.

4.3. Root Nodulation Response to Soil N, K, Mg, and S Based on Biochar Addition

The nodule number showed the potential to enhance BNF via biochar application under irrigated
conditions. This study further analyzed the leghemoglobin content of the nodules to determine
whether the nodules were active in fixing N. Leghemoglobin, which is the most abundant protein in
nodules, can bind oxygen with a low Km to reduce free oxygen, which may cause irreversible oxidation
of nitrogenase [57,58]. However, leghemoglobin regulates the release of bound oxygen to bacteroids,
which utilize oxygen for respiration and ATP production for N fixation [59,60]. The leghemoglobin
content of the nodules was not significantly different among the treatments in our study. In addition,
under the rainfed conditions, there was no difference in nodulation with biochar addition. It is very
likely that the water deficit played a more crucial role in nodulation than did the beneficial effect
of biochar under the examined rainfed conditions. Water deficits were reported to inhibit root hair
infection by Rhizobium and the formation of infection threads [61–63].

Nodulation was also reported to be regulated by K and Mg in the soil. Several studies demonstrated
that a higher Mg concentration elicited a greater nodule number in soybean plants [64] and that a Mg
deficit induced poor nodulation in alfalfa (Medicago sativa) plants [65]. It was also stated that nodulation
was inhibited under a low K supply shortly before the rhizobium invaded the root hairs [35,66].
However, there is a lack of information on the molecular mechanism of the effects of K and Mg on
nodulation. In the PCA, nodule number was highly correlated with soil K and Mg under the biochar
treatment. This result may be attributed to the fact that K and Mg availability increased when biochar
was added to the soil [6,35,66]. S was reported to be crucial for both nodulation and BNF in legumes [20].
The S supply can also affect nodule formation because the demand for N by legumes varies with S
supply [16]. It was observed that S may increase nodule weight and number [18]. In our work, soil total
S had a positive correlation with nodule number in the control soil, whereas no correlation between
nodule number and soil total S was found in the biochar-applied soil in the PCA with high factor
loading values. The result indicates that biochar application altered the interrelationship between soil
total S and nodule formation. Few studies have demonstrated the effect of biochar on S transformation
and availability. We hypothesize that the biochar promoting effect was dominant for nodulation and
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thus obscured the S effect because the S concentration in the soil was not at a low level during the
soybean life spin (0.23 g kg−1 of S). However, direct evidence is still needed to confirm this assumption.

4.4. The Relationships Among Biochar, Phosphatase Activity, and Root P

APM activity was greater under irrigated conditions than under rainfed conditions for the biochar
treatment. Similar results showed that drought stress decreased soil acid phosphatase activity by
22–27%, whereas the decrease was not observed for alkaline phosphatase activity during the cropping
season [67]. The mechanism was attributed to a decrease in soil microbial populations by water stress.
However, irrigation did not elevate APM activity for the control in our study. Presumably, biochar
moderated drought stress when irrigation was implemented [68]. APM may be secreted by plants
and also be derived from fungi and bacteria, whereas AKP is mainly derived from bacteria in the
soil [69,70]. This fact supports the PCA and RDA results. The APM activity tended to be independent
from the other soil properties except soil K and Mg in the control, while the biochar addition enhanced
the independence of the AMP activity in the PCA.

To elucidate the correlations between the explanatory variables and response variables, which the
PCA was not able to demonstrate, an RDA was performed. The APM activity had a strong correlation
with shoot P, root P, and shoot dry weight under the biochar treatment in the RDA. It is likely that
biochar affected the P uptake as biochar may increase organic P mineralization [12], facilitate the
association between plants and mycorrhizal fungi, which may enhance P uptake [71,72], and promote
P-solubilizing microorganisms to release organic acid to solubilize ortho-P [73–75].

4.5. Liming Effect on Soil CEC, Root Nodulation, and AKP Activity

The high factor loading values of Ca, CEC, and AKP on the PCA both with and without the
biochar-amended treatments indicate their strong correlation with one another and their large influence
on the soil properties. This result was likely triggered by a liming effect due to the high application rate
in the field. Liming was shown to enhance BNF [76] and promote nodulation for legumes grown in
acidic soils due to an increase in soil pH [77]. In addition, Ca2+ is involved in the nodulation signaling
pathways at the early stage of nodule formation [78,79]. Limestone is commonly applied to elevate
the soil pH and it can also alter the CEC value [77]. Ca2+ may cause the release of negative charge
by variable minerals, and in turn, the negative charge on the mineral surfaces causes the CEC to be
elevated. Liming can also elevate phosphate availability by enhancing organic P mineralization in
which AKP is involved in the catalysis [28,80]. It has been reported that AKP is more dependent on
soil pH than on the organic matter content [26]. Therefore, AKP showed a strong correlation with Ca2+

due to the increased soil pH value from liming.

5. Conclusions

This study highlighted the complicated influences of irrigation and biochar application on soybean
plant growth and nodulation and on soil phosphatase activities. Irrigation enhanced the pod number
and plant height, while the thousand-seed weight was decreased. This result may be attributed to the
fact that irrigation enhanced shoot growth, resulting in a competitive effect on reproduction. Biochar
did not have a significant effect on the yield components and plant growth parameters. Nevertheless,
we found that biochar enhanced the correlations among the plant growth parameters, yield components,
plant nutrient contents, and soil enzyme activities. This result suggests that biochar may influence
plant N and P uptake.

Biochar not only directly benefited soybean root nodulation, but also potentially enhanced the
relationships between the nodule number and soil K and Mg. In addition, the positive correlation
between the soil S content and nodule number was eliminated with biochar application. Thus, the
effects of biochar on root nodulation indicate that the mechanisms of biochar application are intricate
and do not just involve a single process.
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An adequate water supply can maintain an ideal level of APM activity, which may further promote
mineralization to enhance soybean plant growth as APM activity had a strong correlation with shoot P,
root P, and shoot dry weight. APM activity was not significantly increased by biochar addition. AKP
activity was not significantly enhanced by either biochar or irrigation but was influenced by liming.

In conclusion, water deficit is the first limiting factor in the sandy soil under study. If irrigation
is feasible, biochar application in soybean fields may be a promising technique to help develop a
balanced and productive crop cultivation system.
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