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Abstract: Poultry-litter biochars (PLBs), which were prepared at two pyrolytic temperatures,
were applied to the soils of croplands with four consecutive harvests of water spinach to assess
the effects of PLBs on the soil properties and the growth of water spinach. The results show that
PLB amendment resulted in an increase of soil pH. The electrical conductivity values, and the
concentrations of extractable inorganic nitrogen, exchangeable potassium, and available phosphorus
in the soils drastically increased in the 0.5% and 1% biochar-amended soils. However, most of the
significant changes due to PLB amendment disappeared after four consecutive harvests of water
spinach. The growth of water spinach was enhanced in the soils amended with PLBs, especially the
one prepared at 350 ◦C. Nonetheless, the application of 1% PLBs to the soil resulted in an imbalance
between calcium and magnesium in water spinach.
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1. Introduction

A rapid increase in the global population in recent years has led to an increasing demand for
agricultural and livestock products, which has caused the accumulation of large amounts of agricultural
and livestock wastes [1]. In Taiwan, the annual production of livestock manure is as high as 2.3 million
metric tons. Livestock manure, which contains higher levels of nitrogen (N) and phosphorus (P),
was often applied to croplands to increase the content of soil organic matter and raise soil fertility for
higher crop yield. However, the direct application of livestock manure to soil leads to environmental
problems, such as the occurrences of odors and pathogens. Due to the potential environmental
problems associated with the application of livestock manure to soils, a great quantity of poultry litter
cannot be recycled and reutilized as fertilizers, consequently creating a waste disposal problem. On the
other hand, the climate in Taiwan has a hot and rainy season [2], with an average annual rainfall of
2500 mm [3]. Under such a climate condition, continuous cultivation of crops can result in a fast rate
of decrease in soil fertility. Therefore, the application of fertilizers is needed to maintain soil fertility
for better crop yields. However, the production of chemical fertilizers needs to use non-renewable
resources and is an energy consumption process. To achieve sustainable development of agriculture,
the nutrients in livestock manure need to be recycled and reused to meet the need of fertilizers for
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crop production [4,5]; at the same time, methods of properly managing livestock manure need to be
developed to avoid potential problems such as the emissions of odorous gases to local residential
areas [6], and the release of heavy metals in livestock manure to the environment.

Biochar is a porous material that is produced through the pyrolysis of agricultural wastes and
biological materials under oxygen-limited conditions [7–12]. The temperature and time of pyrolysis
determine the physical and chemical properties of resultant biochars, including surface area, porosity
and the type and content of surface functional groups [13,14]. The agronomic benefits of biochar
amendment to soils has drawn international attentions [15]. Previous studies have revealed that
adding biochar to soils can reverse soil fertility deterioration and increase crop yields. These beneficial
effects of biochar are attributed to the adsorption capacity of biochar to soluble nutrients such as
ammonium (NH4

+), nitrate (NO3
−) [16], phosphate, and other ionic solutes [17]. The amendment of

biochar to soils has been shown to change the biological composition and abundance of the soils [18,19].
The positive effects of biochar appear to be related to modifications in physical, chemical, and biological
properties of soil, such as reduced acidity, increased cation exchange capacity (CEC), enhanced N
retaining [20], increased microbiological activity [21], and increased mycorrhizal relationships [22,23]
in the soil. Such changes may also influence nutrient cycling [21,24] and soil structure [25]; however,
the research data on physical properties of soil are limited [16,26]. Moreover, the amendment of biochar
to soils promotes plant growth [24,27], resulting in higher leaf quantity [26,28], plant height [24],
and leaf growth/weight, and increasing total plant biomass [26]. Nonetheless, other studies in the
literature demonstrated controversial results in terms of the effects of biochar amendment on soil-plant
interactions and plant growth [15,27,29–31]. For example, Graber et al. [32] reported the positive effects
of biochar amendment (1–5%) on the growths of tomato and pepper plants in a coconut fiber due to
the change in microbial inhabitants and the increase in plant nutrition [33]. On the contrary, Belyaeva
and Haynes [34] discovered no distinguishable changes in plant growth or nitrogen fertility levels
after the addition of biochar. In short, limited information is available in the literature, with respect
to the effects of biochar amendment on substrate properties and plant growth and the mechanisms
behind the effects. In addition, the liming effects of biochar to soils has attracted much attention [35,36].
For example, in the work of Yuan and Xu [37], various biochars were produced from nine plant
materials and amended to soils. The results showed that the pH values of the soils were increased
with all nine biochars. The addition of biochar also increased exchangeable base cations, effective CEC,
and base saturation, while soil exchangeable Al and exchangeable acidity were reduced.

Poultry litter can be used as one of the sources of nutrients for plant growth due to its high
contents of nutrients, among which P is attracting the most attention. Phosphorus is one of the
macro-nutrients for plants and is applied to farmland soils in large quantity. Because most of P used in
fertilizer is mined primarily from phosphate rocks, there has been a great concern of phosphate rock
shortage that is expected to occur in the next 30–100 years [38]. On the other hand, a large amount of P
is discharged from farmlands to surface waters, which can result in the deterioration of water quality,
such as eutrophication. Therefore, the effective use of P appears to be a critical issue in sustainable
agriculture [39]. The pyrolysis of poultry litter can potentially convert P into less soluble forms in
poultry-litter biochar (PLB). However, to the best of our knowledge, the release rate of nutrients from
PLB after its application to farmland soils and the related mechanisms have not been well understood.
This will hinder the development of methods for improving P recycling of poultry litter and utilizing
PLB as an eco-friendly fertilizer. Therefore, the purpose of this study was to investigate the effects of
PLBs produced at two different temperatures on the properties of soils amended with PLBs and the
growth of water spinach (Ipomoea aquatica Forsk.) on the soils. The pH, electrical conductivity (EC),
and the concentrations of available N and exchangeable cations of the soils were determined after four
consecutive harvests of water spinach. The growth and accumulation of some essential elements in
the water spinach under PLB treatments were also assessed. The results of this work could provide
essential information for developing agronomical practices to reutilize the nutrients in poultry litter to
grow crops to meet the goal of sustainable development.
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2. Materials and Methods

The soil sample was air dried, ground, and passed through a 10-, 80-, or 100-mesh stainless
steel sieve according to soil property analyzed. The soil was then analyzed to determine organic
carbon content (OC) [40], CEC [41], and texture [42]. The results showed that the soil had a moderate
content of OC (2.6 ± 0.2%), CEC (21.0 ± 2.0 cmolc/kg), and loamy texture (sand 32%, silt 46%,
clay 22%). Poultry litter was heated to 350 and 600 ◦C for two hours to produce two types of PLBs.
The total concentrations of various elements in the PLBs were determined using ICP-AES after aqua
regia digestion [43]. According to the results, a higher pyrolytic temperature resulted in higher
concentrations of these elements (Table 1).

Table 1. The pH, EC, and the total concentrations of different elements of two types of PLBs used in
this study.

Pyrolysis Temperature
Unit

350 ◦C 600 ◦C

pH 1 8.13 7.78 -
EC 1 10.07 16.18 dS/m

Carbon (C) 23.43 21.07 %
Hydrogen (H) 3.14 1.13 %

Oxygen (O) 27.98 20.91 %
Nitrogen (N) 2.60 1.79 %

Phosphorus (P) 1.97 3.00 %
Potassium (K) 2.29 3.44 %
Calcium (Ca) 7.06 8.16 %

Magnesium (Mg) 1.40 1.91 %
Sulfur (S) 1.32 1.57 %
Iron (Fe) 802 2137 mg/kg

Manganese (Mn) 543 772 mg/kg
Copper (Cu) 91 126 mg/kg

Zinc (Zn) 803 1061 mg/kg
Nickel (Ni) ND 2 ND mg/kg

Arsenic (As) ND ND mg/kg
Cadmium (Cd) ND ND mg/kg
Chromium (Cr) ND ND mg/kg

Lead (Pb) ND ND mg/kg
1 w/v = 1/5; 2 not detectable.

The field experiments with the cultivation of water spinach (Ipomoea aquatica Forsk.) were
conducted in central Taiwan from June 2016 to July 2017 and the treatments are listed below. The area
of each block was 4 m2 and 60 blocks were planted in total. Three samples of surface soil (0–15 cm)
were collected from each block of different treatments before planting in each cultivation (coded as
SX-1, X = 1, 2, 3, and 4 for the 1st, 2nd, 3rd, and 4th cultivations, respectively) and homogenized as
the represented sample for the block. According to the suggestion of the Council of Agriculture of
Taiwan, the recommended amount of N, P2O5, and K2O for water spinach is 120, 60, and 120 kg/ha,
respectively. Accordingly, raw poultry litter, poultry litter compost, and PLBs were applied to the soils
before the beginning of each cultivation to meet the requirement of P (Treatments IV, V, VI, and IX).
In addition, 0.5% and 1% of PLBs were applied to the soils in the beginning of the experiments and
there was no PLB application afterward (Treatments VII and VIII). Commercial seeds of water spinach
obtained from Know-You Seed Co., Ltd. (Kaohsiung, Taiwan) were sown in each block. Water was
supplied from surrounding irrigation channels, and weeds were pulled up during the cultivations.

(I) NP: no plant growth and no amendment
(II) CK: plant growth with no amendment
(III) CF: urea and monobasic potassium phosphate applied as N: P2O5: K2O = 120: 60: 120 kg/ha
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(IV) RPL: raw poultry litter applied as P2O5 = 60 kg/ha
(V) 350-1X, 350-0.5X, and 350-2X: 350 ◦C PLB applied as P2O5 = 60, 30, and 120 kg/ha, respectively
(VI) 600-1X, 60-0.5X, and 600-2X: 600 ◦C PLB applied as P2O5 = 60, 30, and 120 kg/ha, respectively
(VII) 350-0.5% and 350-1%: 350 ◦C PLB of 10 and 20 ton/ha, respectively, applied in the beginning of

the experiments
(VIII)600-0.5% and 600-1%: 600 ◦C PLB of 10 and 20 ton/ha, respectively, applied in the beginning of

the experiments
(IX) CC-1X: poultry-litter compost applied as P2O5 = 60 kg/ha

After growing for 32–35 days, at least 20 plants of mature water spinach were harvested from each
block of treatments. The plants were rinsed with tap water and then deionized water, and divided
into roots and shoots. The shoots were oven dried at 65 ◦C for 72 h and then weighed. Afterward,
the shoots were ground with a grinder and then digested using HNO3/HClO4 method [44]. Besides
plants, three samples of surface soil (0–15 cm) were collected from each block and homogenized as
a represented sample for that block (coded as SX-2, X = 1, 2, 3, and 4 for the 1st, 2nd, 3rd, and 4th
cultivations, respectively). After air drying, grinding, and passing through 10 mesh stainless steel
sieves, the soil samples were analyzed for pH (w/v = 1/5) [45], ECw (w/v = 1/5) [46], 2 M KCl
extractable concentrations of inorganic nitrogen [47], 1 M NH4OAc (pH 7.0) extractable concentrations
of cations [41], and available concentration of P [48].

The statistical analysis was performed using SPSS (Statistical Package for Social Sciences, Armonk,
NY, USA). A one-way analysis of variance (ANOVA) was performed to detect differences in soil and
plants between treatments. The least significant difference (LSD) test was used to identify significant
differences between means. A value of p < 0.05 denoted statistical significance.

3. Results

3.1. Soil pH and ECw

The initial pH values of the soils of different treatment (S1-1) ranged from 5.4 to 6.7. In comparison
to the NP and CK treatments, the applications of CF, RPL, and CC lowered soil pH, while the
amendments of PLBs resulted in increasing soil pH values. After the first harvest, the changes in the
pH values of the soils (S1-2) were not statistically significant as compared to the initial counterparts
(S1-1). The extents in the changes in the soil pH values were more significant after four harvests as the
pH values of S4-2 were all higher than the counterparts of S1-1 (Figure 1). The differences between
S4-2 and S1-1 of all treatments were at the levels of 0.4–1.7. Even in the NP and CK treatments, the soil
pH values were increased from 5.98 ± 0.51 and 5.95 ± 0.37 (S1-1) to 6.80 ± 0.10 and 6.71 ± 0.23 (S4-2),
respectively. Among the 15 treatments, the differences between the soil pH values of S1-1 and
S4-2 were more significant in the treatments of CF, RPL, 350-0.5X, and CC-1X. The soil pH values
of S4-2 in the treatments of 350-0.5%, 350-1%, 600-0.5%, and 600-1% were at the levels of 7.0–7.2,
which were significantly higher than those of other treatments (p < 0.05). The highest value of soil
pH was 7.16 ± 0.16, obtained in the 350-1% treatment. Comparatively, when two PLBs were applied
with the amounts of 30–120 kg/ha to meet the requirement of P2O5 for growing water spinach,
the pH values after four harvests (S4-2) were 6.8–7.0, which were 0.1–0.3 higher than that of the CK
treatment. Therefore, the application of PLBs in accordance to the recommended amount of P2O5 did
not drastically increase the soil pH values.
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10 and 20 ton/ha of 350 °C PLB, respectively; 600–0.5% and 600–1%: applied 10 and 20 ton/ha of 600 
°C PLB, respectively; CC-1X: applied poultry-litter compost as P2O5 = 60 kg/ha). 
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Figure 1. Effects of various treatments on the soil pH (NP: no plant growth and no amendment;
CK: plant growth with no amendment; CF: urea and monobasic potassium phosphate were applied as
N: P2O5: K2O = 120:60:120 kg/ha; RPL: raw poultry litter was applied as P2O5 = 60 kg/ha; 350-1X,
350-0.5X, and 350-2X: applied 350 ◦C PLB as P2O5 = 60, 30, and 120 kg/ha, respectively; 600-1X, 60-0.5X,
and 600-2X: applied 600 ◦C PLB as P2O5 = 60, 30, and 120 kg/ha, respectively; 350-0.5% and 350-1%:
applied 10 and 20 ton/ha of 350 ◦C PLB, respectively; 600-0.5% and 600-1%: applied 10 and 20 ton/ha
of 600 ◦C PLB, respectively; CC-1X: applied poultry-litter compost as P2O5 = 60 kg/ha).

After four harvests, the ECw values of NP and CK also increased from 0.06–0.07 dS/m (S1-1) to
0.11–0.14 dS/m (S4-2). The EC value can reflect the total ion content and the base saturation percentage
of the soil, and the soil pH often increased with increasing EC [49]. Due to a typhoon during this field
experiment, we also analyzed the subsoil samples of S4-1 and S4-2. The results showed that the ECw

values of subsoil samples were at the levels of 0.07–0.12 dS/m, which were all lower than those of
surface soil samples (data not shown). This result revealed that the leached salts resulting from rainfall
brought by the typhoon were not percolated to the subsoils.

In comparison to the NP and CK treatments, various treatments with PLB amendments generally
resulted in increases of soil ECw value (S1-1 in Figure 2). In particular, the soil ECw of the 350-2X,
600-2X, 350-0.5X, 600-0.5X, and CC-1X treatments were 0.23–0.70 dS/m, which were significantly higher
than those of the NP and CK treatments. However, the soil ECw of the treatments with different PLBs
drastically decreased in S1-2 because there was a typhoon during the first harvest. After four harvests,
the soil ECw values of various treatments (S4-2) were in the levels of 0.10–0.17 dS/m; the differences
among the ECw values of different treatments were not significant except those of 350-2X and CC-1X.

The application of two PLBs as P2O5 at 30–120 kg/ha did not significantly change the EC values
after four harvests in comparison to the CK and NP treatments. Even through the soil ECw values
in the treatments of 350-2X and 600-2X were slightly higher than those of 350-0.5X, 350-1X, 600-0.5X,
and 600-1X; however, the differences were less than 0.05 dS/m, which were relatively insignificant.
In general, the changes of the soil ECw values from S1-1 (0.06–0.38 dS/m) to S4-2 (0.11–0.17 dS/m) were
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less than 0.18 dS/m, except for those of the 600-2X, 350-0.5X, and 600-0.5% treatments. During this trial,
the highest value of soil ECw was 0.69 ± 0.32 dS/m, obtained with the 600-0.5% treatment, but this
value decreased to 0.07 ± 0.01 dS/m after the first harvest and decreased to 0.11 ± 0.04 dS/m after
four harvests.
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3.2. Exchangeable Cations

In comparison to NP and CK, there were generally no significant changes in the concentration
of exchangeable Ca due to different treatments (Figure 3). The concentrations of exchangeable
Ca in the various treatments of S1-1 were at the levels of 1800–2300 mg/kg. After four
harvests, the concentrations of exchangeable Ca of all treatments in S4-2 were in the levels of
1400–1850 mg/kg, which were 16–36% lower than their counterparts in S1-1. Moreover, in S4-1
and S4-2, the concentrations of exchangeable Ca in the topsoil samples were 1.1–1.5 times higher than
those of their subsoil counterparts (data not shown).

The treatments of 350-0.5%, 350-1%, 600-0.5%, and 600-0.5% significantly increased the
concentrations of exchangeable Mg in S1-1 from 330–380 mg/kg (NP and CK) to 490–640 mg/kg
(Figure 4). Among all the treatments in S1-1, the 600-1% treatment resulted in the highest concentration
of exchangeable Mg (633 ± 114 mg/kg). After four harvests, however, the concentrations of
exchangeable Mg in S4-2 were in the levels of 520–620 mg/kg with no significant differences among
the treatments. The concentrations of exchangeable Mg in S4-1 and S4-2 of the surface soil and subsoil
samples were in the levels of 520–710 and 460–580 mg/kg, respectively (data not shown). In the end of
four harvests (S4-2), the application of two PLBs as P2O5 at 30–120 kg/ha did not significantly change
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the concentrations of exchangeable Ca and Mg compared to CK and NP. The differences between them
were less than 340 and 75 mg/kg for exchangeable Ca and exchangeable Mg, respectively.

The 600-2X, 350-0.5%, 350-1%, 600-0.5%, and 600-1% treatments significantly (p < 0.05) increased
the concentrations of exchangeable K from 10–11 mg/kg (NP and CK) to 110–470 mg/kg in S1-1
(Figure 5). However, the differences in the concentration of exchangeable K in S4-2 after four harvests
were not significant. The exchangeable K concentrations of the S4-2 samples in the NP and CK
treatments were 90–120 mg/kg, while those in the 350-2X, 600-2X, 600-1%, and CC-1X treatments
were 171–197 mg/kg. These results revealed the positive effects of various PLB treatments on the
exchangeable K content in the soil.
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3.3. Available N and Available P

Among different treatments, the concentrations of available NH4
+ and available NO3

− in S1-1
were higher in the treatments CF, CC-1X, 350-1%, and 350-0.5% (Figure 6). These four treatments also
significantly raised the total concentrations of available N in S1-1 from 122–140 mg/kg (NP and CK) to
210–480 mg/kg. However, the total concentrations of available N decreased to a similar level with NP
and CK in S1-2, which may be attributed to the leaching effects of rainfall brought by a typhoon during
the first cultivation. Nevertheless, it was found that the total concentration of available N in the S4-2
soil samples decreased to 6–25 mg/kg. The concentrations of available nitrate in the topsoil samples
of S4-2 in the treatments NP (6.0 ± 2.0 mg/kg), CK (9.5 ± 2.0 mg/kg), and CF (8.6 ± 1.7 mg/kg)
were lower those in the other treatments. The treatments of 350-0.5% and CC-1X had the higher
concentration of available nitrate which was 22.4 ± 9.5 and 22.4 ± 3.3 mg/kg, respectively. Nitrate was
the main inorganic N in the soils in the S1-1, S1-2, and S2-1 in general. After two harvests, however,
NH4

+ became the primary inorganic N in the amended soils. This might be a result of the significant
amount of rainfall caused by the typhoon during the experimental period, which leached NO3

− from
the soils. After four harvests, the application of two PLBs as P2O5 at 30–120 kg/ha also significantly
increased the total concentrations of available N to the levels of 12–19 mg/kg.
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In the S1-1 samples of the 600-2X, 350-0.5%, 350-1%, 600-0.5%, 600-1%, and CC-1X treatments,
the concentrations of available P (Figure 7) were significantly increased to 60–150 mg/kg compared to
the values of 21–24 mg/kg in the NP and CK treatments (p < 0.05). The concentrations of available P
in the S4-2 samples of the 0.5% and 1% treatments of two PLBs were in the levels of 120–250 mg/kg.
After four harvests, the concentrations of available P in NP and CK slightly increased from 21–24
mg/kg (S1-1) to approximately 40–41 mg/kg (S4-2). The extents in the increases were more significant
in the treatments of 350-0.5% and 350-1% even after four harvests. After four harvests, the application
of two PLBs as P2O5 at 30–120 kg/ha increased the concentrations of available P in S4-2 in general.
The simultaneous increases in the concentrations of exchangeable K, available N, and available P in
these treatments promoted the growth of water spinach, illustrated in Section 3.4.

3.4. Plant Growth

As shown in Figures 8 and 9, the treatments of CF, RPL, CC, and PLBs could promote the growth
of water spinach compared with that in the CK treatment. The most significant effect was observed in
the case of 350-1%. In the third and fourth harvests, however, insignificant differences among different
treatments were observed. The growth of water spinach from the fourth harvest was generally lower
than that from the first harvest, except for CF. This decline in growth (Figures 8 and 9) in the treatment
of 350-1% and other PLB treatments may be attributed to the leaching loss of available NO3

− during
the periods of four cultivations. Because of the increases in the concentrations of exchangeable K,
available N, and available P under various treatments, the average fresh weights of water spinach
collected from various PLB treatments were still higher than that from the CK treatment. The average
fresh weights of water spinach grown in the treatments of two PLBs as P2O5 at 30–120 kg/ha were
1.0–1.3 times higher than that in the CK treatment.
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4. Discussion

In the NP and CK treatments, the soil pH values were increased from 5.9–6.0 to 6.7–6.8 after
four consecutive cultivations of water spinach, even though no amendments were added to the soils
(Figure 1). The increases in the soil pH values may be contributed by native alkaline from the irrigation
water. During the experimental period, the application of PLB as 350-1%, 600-0.5%, and 600-1%
gradually increased the soil pH, which may affect nutrient availability in the soils [4]. Biochar has
been documented to affect the availability of N and P in the rooting zone [50]. Depending on the
temperature and feedstock properties of biochars, the amendment of biochars may contribute nutrients
to the amended soil to different extents [51]. Meanwhile, the liming effects of biochar may cause the
increase in soil pH, which plays a key role in determining nutrient availability in soils. The increase
in soil pH also has a positive effect on the metal adsorption of biochar particles, since the negative
charges on the surfaces of biochar particles increased with increasing pH [52–54].

In S1-1 treatment, the ECw values of the soils in the treatments of 350-2X, 600-2X, 350-0.5%,
and 600-0.5% were 3.8–11.5 times of those in the NP and CK treatments (Figure 3). The higher EC
values could potentially reduce the water potential of the soil water and thus inhibit plant growth [55];
however, the higher ECw did not restrict the growth of water spinach, as the corresponding shoot
height and fresh weight still increased (Figures 8 and 9). However, for EC-sensitive plants, cautions
need to be taken to apply a suitable amount of PLB to soils to avoid salt stress to plants grown on
the soils.

The drastically decreasing in the ECw values of the S1-2 samples was potentially attributed to a
large amount of rainfall brought by a typhoon during the first harvest. According to data from the
Central Weather Bureau of Taiwan, the total rainfall in the experimental area in June 2016 reached
218.5 mm. The high amount of rainfall could result in the leaching loss of salts and consequently the
decrease of ECw in the S1-2 samples. The soil ECw values of all treatments were thus decreased to
similar values after the first harvest. The ECw values of the subsoil (15–30 cm) samples of S4-1 and
S4-2 were in the ranges of 0.07–0.12 and 0.07–0.10 dS/m, respectively. The ECw values of the surface
soil (0–15 cm) samples of S4-1 and S4-2 were 1.2–3.5 times higher than those of the corresponding
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subsoil samples. This revealed that the application of PLB did not affect the ECw of subsoil although
some exchangeable cations were leached out from the surface soil after continuing cultivations.

Essential base saturation percentage (EBSP) can be calculated using the ratio of the sum of
exchangeable essential cations (Ca, Mg, and K) and CEC. The EBSP values of S1-1 and S4-2 in the
treatments of NP and CK were 14.7–15.1% and 15.0–15.5%, respectively. The EBSP values were
increased with the application rate of PLBs. For example, the treatments of 350-1%, 600-0.5%,
and 600-1% resulted in the increase of the EBSP value of the S1-1 sample to 20.3–25.3%, which were
significantly higher than those in the NP and CK treatments (p < 0.05). Even after four harvests (S4-2),
the EBSP values in the treatments of 350-1% and 600-1% were 17.8–19.4%, which were still higher
than the NP and CK counterparts. For most crops, the suggested molar ratio of Ca/Mg in soils is
2–5. The molar ratios of Ca/Mg in the S1-1 and S4-2 samples of the NP and CK treatments were
in the ranges of 3.1–3.4 and 2.2–2.3, respectively. The treatments of 350-1% and 600-1% resulted in
the increases in the concentrations of exchangeable Mg and, consequently, the corresponding molar
ratios of Ca/Mg in the S4-2 samples were decreased to the values of 1.89 and 1.87, respectively.
Comparatively, the Ca/Mg ratio in the other treatments were ranged from 2.0 to 3.4. These results
indicated that the 1% application rate of two PLBs could result in the imbalance of Ca and Mg for the
growth of plants. Because of the higher contents of Ca, Mg, and K of 600 ◦C PLB, the treatments of
600-0.5% and 600-1% had higher concentrations of exchangeable cations in comparison to 650–0.5%
and 350-1% in S1-1. After four harvests, there were no significant differences in the concentrations of
exchangeable Ca and Mg between different treatments; however, the concentrations of exchangeable K
in the soil samples of the 350-2X, 600-2X, 600-1X, and CC-1X treatments were still higher than those of
the CK and NP treatments (Figure 5). One possible reason for this phenomenon is the increases in the
concentrations of available P due to PLB treatments (Figure 7). The exchangeable Ca and Mg resulted
from the application of PLBs might form precipitations of Ca-P and Mg-P and thus decreased their
exchangeable concentrations [56].

The results of S1-1, S2-1, S3-1, and S4-1 showed that CF was a stable supply of available inorganic
N in the soil (Figure 6). The total concentrations of inorganic N in CF were 280–650 mg/kg and NO3

−

accounted for 59–81% of the total. The treatments of 350-0.5%, 350-1%, and CC-1X also provided
similar concentrations of available NO3

− as CF, even after the first two cultivations of water spinach.
After four harvests, the amounts of available NO3

− in the surface soils and subsoils were not detectable
(data not shown), and available NH4

+ accounted for 100% of the available N. This phenomenon is in
agreement with Lehmann et al. [20] indicating that biochar reduced leaching of NH4

+ and therefore
maintained NH4

+ level in the surface soil. There were three typhoons in Taiwan during June to October
2016, and the rainfall of June, August, and September were 218.5, 186.0, and 262.5 mm, respectively.
A large amount of rainfall brought by these typhoons during the experimental periods could account
for the percolation of NO3

− downward from the soil profile. Since no available NO3
− was detected

in the subsoil in S4-2, and the texture of the study soil was loam, NO3
− was possibly leached out of

the subsoil to further depths of the soil profile. On the other hand, N is mainly taken up as NO3
− by

plants [57] and the concentrations of available NO3
− in most treatments were deficient during the

third and fourth harvests, except for CF. In general, the fresh weights of water spinach in the last two
harvests were significantly lower compared to the first two harvests (p < 0.05). The CF could have
replenished the leaching loss of available NO3

−, and thus had higher shoot height (Figure 8) and fresh
weight (Figure 9) compared to CK in general.

Increased fertility of soil due to biochar application is likely to increase crop vigor and thus may
enhance disease resistance [57]. In addition to soil fertility, the amendment of PLB to a soil could
potentially enhance soil quality [57], especially through improving the physical properties of the soil
such as soil porosity and air permeability. The improvement of the physical properties of a soil can
render a more favorable environment for root growth [57,58]. Although the physical properties were
not analyzed in this study, the increases in shoot height and fresh weight upon various PLB treatments
could, in part, resulted from the improvement of the soil physical properties.
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Agrafioti et al. [59] reported that an increase in pyrolytic temperature of a biochar results in a
decrease in total N content, water sorption capacity, and CEC of the biochar [60–62], while the pH,
carbon content [63], available nutrients [61], and heavy metal stability [64] of the biochar was increased.
It is noted that the optimum pyrolytic temperature depends on the purpose of biochar application.
Biochar produced at low temperatures is suitable for agricultural uses, while pyrolysis at higher
temperatures can improve the porosity of the resultant biochar and thus enhance its effectiveness in
adsorbing contaminants in soil [59]. As shown in this study, the shoot height and fresh weight of
water spinach grown in the treatments of 350-0.5% and 350-1% were 1.1–1.5-fold higher than those
in the treatments of 600-0.5% and 600-1%. This result was in agreement with a previous study [24].
Thus, in comparison to CK, the water spinach grown in various PLB treatments had a 1.0–1.3-fold
higher average shoot height and a 1.1–2.1-fold higher average fresh weight. This revealed that PLB
amendment could promote the growth of water spinach which resulted from the increases in the
exchangeable K (Figure 5), available N (Figure 6), and available P (Figure 7) in the soils due to various
PLB treatments. Among these PLB treatments, water spinach grown in 350-1% had higher shoot height
and fresh weight; however, this treatment could result in the imbalance between Ca and Mg after four
harvests and therefore is not recommended for growing water spinach or other crops. Although the
CF and CC-1X treatments also have positive effects on water spinach grown in terms of shoot height
and fresh weight, the conversion of poultry litter into PLB for soil application is a better option because
this practice will increase the soil carbon sequestration and further alleviate greenhouse effect [54].

5. Conclusions

The application of PLBs to a soil increased the pH, EC, and concentrations of available inorganic N,
available P, and exchangeable K in the soil, which consequently enhanced the growth of water spinach.
The application of PLB in accordance with the recommended amount of P2O5 was also evidenced to
improve the growth of water spinach. However, the application of 1% PLBs to soils resulted in higher
EC values, higher EBSP, and the imbalance between Ca and Mg, which may have a negative effect on
the growth of crops. The treatment of 350-0.5% is thus a more suitable PLB application when a large
amount of PLB is amended to farmland soils for the purpose of enhancing soil carbon sequestration.
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