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Abstract: Crop productivity in cold waterlogged paddy fields can be constrained by chronic flooding
stress and low temperature. Farmers typically use chemical fertilizer to improve crop production,
but this conventional fertilization is not very effective in a cold waterlogged paddy field. Biochar
amendment has been proposed as a promising management approach to eliminating these obstacles.
However, little is known about the performance of biochar when combined with N fertilizer and P
fertilizer in cold waterlogged soils. The aim of this study was, therefore, to assess the main effects and
interactive effects of rice straw biochar, N and P fertilizer on rice growth and soil properties in a cold
waterlogged paddy field. The field treatments consisted of a factorial combination of two biochar
levels (0 and 2.25 t ha−1), two N fertilizer levels (120.0 and 180.0 kg ha−1) and two P fertilizer levels
(37.5 and 67.5 kg ha−1) which were arranged in a randomized block design, with three replicates.
Results confirmed that biochar application caused a significant increase in the soil pH due to its
liming effect, while this application resulted in a significant decrease in soil exchangeable cations,
such as exchangeable Ca, Mg, Al and base cations. The interactive effect of N fertilizer, P fertilizer
and biochar was significant for soil total N. Moreover, a negative effect of biochar on the internal K
use efficiency suggested that K uptake into rice may benefit from biochar application. According to
the partial Eta squared values, the combined application of N fertilizer and biochar was as effective
as pure P fertilization at increasing straw P uptake. The addition of biochar to farmers’ fertilization
practice treatment (180.0 kg N ha−1, 67.5 kg P2O5 ha−1 and 67.5 kg K2O ha−1) significantly increased
rice yield, mainly owing to improvements in grains per panicle. However, notable effects of biochar
on rice yield and biomass production were not detected. More studies are required to assess the
long-term behavior of biochar in a cold waterlogged paddy field. This study may lay a theoretical
foundation for blended application of biochar with fertilizer in a cold waterlogged paddy field.
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1. Introduction

Cold waterlogged paddy fields are a type of farmland with low productivity due to chronic
stress from flooding [1]. In China, the fields are distributed mainly in the south of the country with
an area of about 3.5 million ha, which occupies almost 50% of the low-yield paddy field area and
15% of the total paddy field area [2]. Due to the fact that excessive water continuously remains in
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cold waterlogged paddy fields, their soils are generally characterized by negative properties, such as
relatively low temperature, damaging aggregates, deficiency of available nutrients and accumulation
of reducing substances, which ultimately reduce crop production [3]. However, these soils readily
accumulate organic matter because of the increasing number of soil anaerobic microorganism [4].
Obviously, proper agronomic practice, especially in simple and low-cost ways, can be used eliminate
these obstacle factors, thus there is a need to manage waterlogged soils to increase crop production.

Rice (Oryza sativa L.) is the world’s most important staple food; it can support more than half of
the world’s population [5]. Global rice production in 2016 was up to about 749 million t, superseded
by maize with a yield of 959 million t [6]. According to data from the National Bureau of Statistics
of China, a total area of approximately 30,178 thousand ha was covered by rice, which produced
207 million t of grain in 2016 [7]. Nowadays, it is therefore crucial to boost rice yield in limited
cultivated land area per capita to meet the food demands of the increasing worldwide population.
Several alternative counter-measures, including developing water conservancy projects, ameliorating
soil qualities, popularizing techniques of plant protection and cultivation as well as the application of
fertilizers have been implemented [8]. The application of fertilizer is of importance for maintaining
high crop yield. China’s fertilizer use was 330 t in 1961; it reached 26,000 t in 2009 [9]. However,
the nutrient use efficiency in China, especially N fertilizer and P fertilizer, was relatively low compared
to European countries and the US [10]. The combination of inefficiency and excess fertilizer use
has adverse impacts on water, soil, climate and biodiversity [11]. Hence, the Chinese Ministry of
Agriculture approved a “Zero Growth Action Plan”, which declares that the annual growth in the
use of total fertilizer will be regulated to remain below 1% from 2015 to 2019, with zero increase
from 2020 [12]. The output of straw rose inevitably as the main crop harvested annually. Recently,
the Chinese Government has encountered the issue of how to effectively dispose of the crop residues,
which are generally burned in the fields after harvest. Thus, these residues cause or aggravate air
pollution, such as haze [13].

One promising management approach is to convert rice straw into biochar [14,15]. Being intended
specifically for agronomic and environmental purposes, biochar is the carbon-rich product derived
from thermal degradation of biomass under air-starved conditions [16]. It has been proved to alter
the physical and chemical properties as well as the biological process of soil due to its physical
characteristics, such as large surface area and porous structure [17]. According to Burrell et al.,
the addition of biochar can affect the physical properties of soil via indirect and direct means [18].
Previous studies have indicated that the incorporation of biochar can improve the water holding
capacity of sandy soil, which might be beneficial for the water utilization of plants [19]. Similarly,
the chemical properties of soil can also be influenced by the addition of biochar in a more complex way
due to the extensive impact of biochar on soil chemistry [20]. Biochar has been shown to increase soil
nutrient availability by heightening pH in an acidic soil environment or absorption of more cations [21].
However, negative responses to soil quality and crop yield were also observed in the presence of
biochar [22].

Generally, rice straw biochar is alkaline, regardless of pyrolysis temperature and residence
time [23]. Alkaline biochar can be used as a soil amendment for neutralizing acidity, improving soil
fertility and sequestering C in acidic soils [24]. Dong et al. demonstrated that rice straw biochar
enhanced rice production and nitrogen retention in a waterlogged paddy field [25]. Cui et al. found a
significant reduction in CH4 emissions, global warming potential and greenhouse gas intensity when a
cold waterlogged paddy field was applied with at least 2 t ha−1 rice straw biochar in North China [26].
It appears that a cold waterlogged paddy field may benefit from rice straw biochar amendment.

Previous studies indicated that the combined application of biochar and fertilizer had a better
performance than either alone, in terms of soil properties and crop yield. [27]. However, few studies
have been conducted to analyze the interactive effects of biochar and fertilizer in cold waterlogged
paddy fields. This restricts the development of biochar in the environment of waterlogged stress,
especially when combined with multiple element fertilizers. Therefore, this study investigated the
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effects of rice straw biochar, N fertilizer, P fertilizer and their interactions on soil properties and crop
performance in a cold waterlogged paddy field in 2015.

2. Materials and Methods

2.1. Biochar for Soil Amendment

The biochar used for the field experiment was supplied by Nanjing Qinfeng Crop Straw
Technology Co., in Nanjing China. The commercial rice straw biochar was produced via pyrolysis from
rice straw at temperatures of 550–650 ◦C with a residence time of about 1 h under an oxygen-limited
atmosphere. The bulk biochars were milled to pass through a 2-mm sieve, before being homogenized
thoroughly. The pH and electrical conductivity of biochar were determined using suspension with
distilled H2O at a biochar/water ratio of 1:20 (w/v). The ultimate analysis of biochar was performed
using an elemental analyzer (Vario EL CUBE, Elementar, Langenselbold, Germany). After published
wet digestion, the total P and K of biochar were measured by inductively coupled plasma-mass
spectroscopy (G3271A, Shimadzu, Kyoto, Japan) [28]. Table 1 shows the basic properties of biochar
used in the field.

Table 1. Characteristics of soil and biochar in the study.

Parameter Unit Biochar Soil

pH 9.71 5.06
EC µS cm−1 3547.87 99.86

CEC cmol kg−1 nd 7.48
OM g kg−1 nd 34.61
TC g kg−1 442.68 nd
TH g kg−1 9.42 nd
TS g kg−1 2.44 nd
TN g kg−1 6.35 1.63
AN mg kg−1 nd 122.41
TP g kg−1 0.92 nd
AP mg kg−1 nd 5.98
TK g kg−1 28.15 nd
AK mg kg−1 nd 42.80

Notes: EC: Electrical conductivity; CEC: Cation exchange capacity; OM: Organic matter; TC: Total C; TH: Total H;
TS: Total S; TN: Total N; AN: Available N; TP: Total P; AP: Available P; TK: Total K; AK: Available K; and nd:
not determined.

2.2. Experimental Site

The experimental site was established at 30◦40′ N and 119◦87′ E in Xiaogucheng Village, Jingshan
Town, Hangzhou City, Zhejiang, China. Located in the Yangtze River Delta, this region is characterized
by a typical subtropical monsoon climate with a total precipitation of 1789.5 mm and a mean
temperature of 17.6 ◦C in the year of 2015 (Figure 1). The surface texture of the soil from a cold
waterlogged paddy field was identified as silt loam with percentages of sand, silt, and clay of 10, 66
and 24%, respectively. The basic properties of the topsoil (0–15 cm) prior to the experiment are shown
in Table 1.
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Figure 1. Monthly mean temperature and precipitation for the crop growing season in 2015.
Figure based on public data from Meteorological Bureau of Zhejiang Province (2015) [29].

2.3. Experimental Setup

The field trail was conducted by employing a randomized block design, which consists of eight
plots that all had dimensions of 3 m × 6 m with three replicates. Individual plots were separated by
plastic film-covered ridges within rows, while corridors were left between rows. Guard rows of rice
without fertilization were set around the perimeter of the trail to prevent border effects.

The treatments were factorial combinations of two N fertilizer levels (N1 = 120.0 kg N ha−1 and
N2 = 180.0 kg N ha−1), two P fertilizer levels (P1 = 37.5 kg P2O5 ha−1 and P2 = 67.5 kg P2O5 ha−1)
and two biochar levels (B0 = 0 t biochar ha−1 and B1 = 2.25 t biochar ha−1). Application rates of
biochar and fertilizer for each treatment are presented in Table 2. As the farmers’ fertilization practice,
N2P2B0 treatment received 180.0 kg N ha−1, 67.5 kg P2O5 ha−1 and 67.5 kg P2O5 ha−1. N fertilizer,
P fertilizer and K fertilizer were applied in the form of urea (46% N), fused magnesium phosphate
(12% P2O5) and potassium chloride (60% K2O), respectively. Prior to transplanting in June, all dry
biochar and P fertilizer were spread on the topsoil and were incorporated into the top 0.15 m of soil
with a cultivator. Sixty percent of N fertilizer and K fertilizer were applied deeply as a basal fertilizer
before transplanting in June, while the remaining forty percent were applied as dressing during the
booting stage in August.

Table 2. Details of treatments in the cold waterlogged paddy field experiment.

Treatment
N P2O5 K2O Biochar

(kg ha−1) (kg ha−1) (kg ha−1) (t ha−1)

N1P1B0 120.0 37.5 67.5 0
N1P1B1 120.0 37.5 67.5 2.25
N1P2B0 120.0 67.5 67.5 0
N1P2B1 120.0 67.5 67.5 2.25
N2P1B0 180.0 37.5 67.5 0
N2P1B1 180.0 37.5 67.5 2.25

N2P2B0 (Farmers’ fertilization practice) 180.0 67.5 67.5 0
N2P2B1 180.0 67.5 67.5 2.25

Notes: N1: 120.0 kg N ha−1; N2: 180.0 kg N ha−1; P1: 37.5 kg P2O5 ha−1; P2: 67.5 kg P2O5 ha−1; B0: 0 t ha−1;
B1: 2.25 t ha−1.

The rice (Jia 58) was sown during late May, before being harvested in early November. Rice
seedlings were transplanted to the paddy fields two weeks after sowing with a row spacing of 30 cm
and a plant spacing of 15 cm. Alternative wetting and drying irrigation was adopted to manage water
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regime in rice production [30]. Pesticides for controlling weeds, insect damage and diseases were
applied consistently across all plots.

2.4. Soil Sampling and Analysis

Five soil cores were sampled randomly from the 0–15 cm soil layer of each plot after rice harvest,
before being mixed thoroughly to form a composite sample. All samples were transported immediately
to the lab prior to removal of plant residues and detritus. Fresh samples were ground and passed
through a 2-mm sieve for ammonia and nitrate analysis. Another portion of these samples was
air-dried at ambient temperature, ground and passed through a 2-mm sieve, before being processed
through a 0.15-mm sieve for further analysis.

Soil water content was determined by drying the sample at 105 ◦C until there was no more
weight loss [31]. The pH of the soil sample was measured in distilled water (1:2.5, w/v) with a pH
meter (FE20, Mettler Toledo, Shanghai, China). For electrical conductivity analysis, 20.0 g of soil
was shaken with 100 mL of distilled water for 0.5 h, before standing for another 0.5 h at room
temperature. The supernatant was measured using a conductivity meter (DDS-307, INESA, Shanghai,
China). The soil organic matter content was determined by the K2Cr2O7-H2SO4 oxidation method.
Determination of cation exchange capacity (CEC) and exchangeable base cations (EBC) were carried
out at a pH of 7.0 with 1 M NH4OAc [32,33]. The leachate was subsequently analyzed by inductively
coupled plasma-mass spectroscopy (G3271A, Shimadzu, Kyoto, Japan). The exchangeable acidity and
exchangeable H of the soil sample was extracted using 1 M KCl and titrated against 0.02 M NaOH,
respectively [34]. The difference between exchangeable acidity and exchangeable H is exchangeable
Al (EAl). Total N (TN) was determined by the semimicro-Kjeldahl method, while available N was
determined by the alkali hydrolysis diffusion method [35]. NO3

−-N and NH4
+-N from fresh soil were

extracted with 2 M KCl (1:10, w/v), before being determined using a spectrophotometer (TU1810,
Persee, Shanghai, China) [36]. Available P (AP) was lixiviated with HCl-NH4F extractant (1:10, w/v)
and estimated by molybdenum blue colorimetry [37]. Available K (AK) was extracted with 1 M
NH4OAc (1:10, w/v) and analyzed using a flame photometer (FP6410, INESA, Shanghai, China) [38].

2.5. Rice Sampling and Analysis

Five representative plants were collected from each plot on August 9 (tillering), August 24
(booting), September 9 (heading) and November 6 (maturity) in 2015. All the plants were rinsed with
tap water, before being subjected to drying at 105 ◦C for 30 min. This temperature was decreased to
75 ◦C and the drying continued until no more weight loss was observed. Subsequently, the plants
were weighed to determine the weight of dry matter. Before the final harvest, the yield components
of rice were determined, including effective panicles, grains per panicle, filled grain percentage and
thousand-grain weight. Grain yields were determined by manually harvesting the whole plants in a
single plot and were recorded on a 15% moisture content basis.

After oven-drying, the samples of straw and grain were finely ground into powder to pass
through a 0.25-mm sieve. For further element analysis, 300 mg of the ground material was digested
with concentrated sulfuric acid and H2O2. Plant N content was analyzed by distilling the NH3 from
the digested material [39]. Plant P and K concentration was quantified by the molybdenum blue color
method and flame photometry, respectively [40]. The nutrient uptake of different tissues was calculated
by multiplying the nutrient concentration by the corresponding tissue biomass. Total nutrient uptake
was the sum of straw nutrient uptake and grain nutrient uptake. Internal nutrient use efficiency and
partial nutrient productivity were calculated with the grain yield divided by the total nutrient uptake
and applied nutrient rate, respectively.

2.6. Data Analysis

A multiple factor analysis of variance (ANOVA) was performed using fixed factors, including
N rate, P rate and biochar rate as well as a block. Effect size was calculated by partial Eta squared.
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Single-factor ANOVA was employed to determine differences between treatments. The least significant
difference (LSD) multiple comparison was conducted at a significance level of 5%. Data analysis was
assessed with SPSS 13.0 software. Figures were drawn using SigmaPlot 10.0 software.

3. Results

3.1. Crop Yield, Yield Components and Biomass Production

Influences of N, P fertilizer and biochar on rice yield and yield components are shown in Table 3.
Changing biochar had varying effects on the rice yield relative to corresponding treatments containing
fertilizer alone in a cold waterlogged paddy field. The N2P2B0 obtained the lowest rice yield at
an average of 6.0 t ha−1 in all treatments. Dramatically, the highest rice yield was recorded from
the addition of N2P2B1, with a marked yield boost of 33% compared to the relevant biochar-absent
treatment. No significant difference was observed in the grain yield between the other six treatments,
which had relatively low rates of N and P simultaneously. However, in comparison with only
application of N and P fertilizer, the corresponding treatments combined with biochar resulted in
moderate decrements in yield of 13.3%, 14.1% and 9.5%, respectively. Similarly, N1P1B1, N1P2B1 and
N2P1B1 had lower grains per panicle compared to N1P1B0, N1P2B0 and N2P1B0, respectively, while
N2P2B1 yielded significantly higher grains per panicle than N2P2B0, N1P2B0 and N1P2B1. Effective
panicles and harvest index did not differ significantly between any treatments, being in the range
of 2.94–3.30 × 106 ha−1 and 44.8–48.8%, respectively. The filled grain percentage from N2P2B0 was
significantly lower than that from N1P2B1, which had the highest filled grain percentage of 72.7%.
Compared to N1P1B1, a significant decline in the thousand-grain weight at a rate of 4.4% emerged in
the N2P2B1.

Table 3. Rice yield, yield components and harvest index under different treatments.

Treatment
Yield Effective

Panicles
Grains Per

Panicle
Filled Grain
Percentage

Thousand-Grain
Weight

Harvest
Index

(t ha−1) (×106 ha−1) (%) (g) (%)

N1P1B0 7.5 ab 3.08 a 126.9 ab 64.7 ab 26.0 ab 45.7 a
N1P1B1 6.5 ab 2.94 a 126.6 ab 62.9 ab 26.2 a 46.2 a
N1P2B0 7.8 ab 2.97 a 119.3 b 64.1 ab 25.9 ab 45.5 a
N1P2B1 6.7 ab 3.00 a 119.1 b 72.7 a 25.9 ab 48.8 a
N2P1B0 7.4 ab 3.30 a 126.6 ab 63.8 ab 25.9 ab 47.5 a
N2P1B1 6.7 ab 3.04 a 119.5 ab 61.9 ab 25.5 ab 46.3 a
N2P2B0 6.0 b 3.24 a 114.1 b 58.4 b 25.8 ab 44.8 a
N2P2B1 8.0 a 3.24 a 137.3 a 66.7 ab 25.1 b 47.0 a

Notes: Different lowercase letters within one column indicate a significant difference (p < 5%).

Figure 2 illustrates the rice biomass in different growth periods under various rates of fertilizers
with or without biochar. No significant difference was shown between the individual fertilizer
treatment and corresponding fertilizer plus biochar treatment, except at the heading stage (Figure 2a–d).
Moreover, statistical significance did not exist between any treatments during tillering and maturity
stage (Figure 2a,d). At the heading stage, the rice biomass from N2P1B0 substantially declined to the
lowest value of 6.07 t ha−1 when combined with biochar application (Figure 2c). Meanwhile, rice
biomass from N2P1B1 was also lower than that from other treatments at maturity (Figure 2c). During
the booting and maturity stages, the greatest rice biomass was found in N2P2B1, demonstrating an
unremarkable rise in the rice biomass at a rate of 29.4% and 20.0%, respectively, compared to N2P2B0

(Figure 2b,d). N2P1B0 resulted in the highest rice biomass of 8.94 t ha−1 at the heading stage, while it
had lowest rice biomass with 3.67 t ha−1 at the booting stage (Figure 2b,c).
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Figure 2. Effects of N and P application and biochar amendment on aboveground biomass production
at the (a) tillering stage, (b) booting stage, (c) heading stage and (d) maturity stage. Different lowercase
letters above bars indicate significant differences (p < 5%).

3.2. Nutrient Use Efficiency, Concentration and Uptake

Both grain N concentration and straw N concentration were not affected significantly by fertilizer,
biochar or their interactions, varying from 0.91% in the N2P1B1 to 1.03% in the N1P1B1 and from
0.50% in the N1P2B1 to 0.61% in the N2P2B0, respectively (Table 4). Higher amounts of P addition
obviously promoted N uptake into the grain when combined with N2 and biochar, although this was
not seen in straw. The uptake of N to grain and straw ranged from 77.7–110.0 and 38.4–56.8 kg N ha−1,
respectively, with the highest for both being from the N2P2B1 and the lowest for both being from the
N2P1B1. As a result of the higher uptake of N into grain and straw, the average values of TN uptake
by rice notably increased from 116.1 kg N ha−1 in N2P1B1 to 166.8 kg N ha−1 in N2P2B1. Like the N
uptake by grain, the TN uptake into rice was comparable for the other treatments. The internal N use
efficiency exhibited no obvious variation in the mean values, which was between 65.8 and 74.1 kg kg−1.
The N partial factor productivity (PFPN) was significantly (p < 1%) decreased by 29.4% in response to
N fertilization (Table 8). N2P1B0, N2P1B1, N2P2B0 and N2P2B0 significantly decreased PFPN by 31.7%,
32.2%, 32.8% and 21.8%, respectively, compared to N1P1B0, N1P1B1, N1P2B0 and N1P2B0.

Unlike grain N concentration, there was an obvious difference in grain P concentration between
N1P1B0 and N2P2B1, which dropped from 0.288% to 0.256% (Table 5). Straw P concentration (SPC)
responded significantly (p < 5%) to the N fertilizer with biochar interactions (Table 8). The highest
SPC was derived from N2P2B1, with pronounced increments of 17.7%, 20.2% and 21.5%, compared
to N2P1B1, N1P2B1, and N2P1B0, respectively. P uptake to grain was more or less equal, fluctuating
between 22.2 and 29.1 kg P ha−1. However, straw P uptake (SPU) responded significantly (p < 5%)
to P fertilizer alone and N fertilizer with biochar interaction (Table 8). The P fertilizer resulted in
a 14.9% increase in the SPU. The average mean of SPU significantly increased from 6.7 kg P ha−1

in N2P1B0 to 11.0 kg P ha−1 in N2P2B1, due to a remarkably higher P concentration in the straw.
The addition of biochar to the corresponding fertilizer had no significant effects on total P uptake,
except a significant growth of 31.9% in P uptake by rice when biochar was combined with N2P2B0.
On the basis of N1P1B0, increasing the N application rate to 180.0 kg ha−1 was obviously beneficial for
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internal P use efficiency, which was in the range of 261.6–292.8 kg kg−1. P partial factor productivity
(PFPP) declined significantly (p < 1%) in response to P fertilizer application, regardless of N fertilizer
or biochar application (Table 8). The increase of 80% from the P fertilizer (from 37.5 to 67.5 kg P ha−1)
inversely reduced PFPP by 38.6% (from an average of 231.6 to 142.5 kg kg−1).

Table 4. Effects of N, P and biochar on plant N concentration, uptake, internal N use efficiency and
partial N factor productivity at maturity.

Treatment
Concentration (%) Uptake (kg ha−1)

Internal Use
Efficiency

Partial Factor
Productivity

Grain Straw Grain Straw Total (kg kg−1) (kg kg−1)

N1P1B0 1.00 a 0.54 a 89.6 ab 43.3 a 132.9 ab 67.6 a 73.3 ab
N1P1B1 1.03 a 0.56 a 86.7 ab 44.2 a 130.8 ab 65.8 a 69.9 ab
N1P2B0 0.98 a 0.50 a 86.3 ab 39.0 a 125.2 ab 69.7 a 72.9 ab
N1P2B1 1.01 a 0.50 a 97.3 ab 40.7 a 138.1 ab 69.7 a 80.1 a
N2P1B0 1.02 a 0.60 a 91.4 ab 42.9 a 134.3 ab 66.6 a 50.1 c
N2P1B1 0.91 a 0.51 a 77.7 b 38.4 a 116.1 b 74.1 a 47.4 c
N2P2B0 0.99 a 0.61 a 87.4 ab 45.4 a 132.9 ab 66.5 a 49.0 c
N2P2B1 0.98 a 0.59 a 110.0 a 56.8 a 166.8 a 66.9 a 62.6 bc

Notes: Different lowercase letters within one column indicate significant differences (p < 5%).

Table 5. Effects of N, P and biochar on plant P concentration, uptake, internal P use efficiency and
partial P factor productivity at maturity.

Treatment
Concentration (%) Uptake (kg ha−1)

Internal Use
Efficiency

Partial Factor
Productivity

Grain Straw Grain Straw Total (kg kg−1) (kg kg−1)

N1P1B0 0.288 a 0.105 abc 25.2 a 8.3 b 33.6 ab 261.6 b 234.5 a
N1P1B1 0.263 ab 0.098 abc 22.2 a 7.5 b 29.7 b 284.4 ab 223.7 a
N1P2B0 0.271 ab 0.108 ab 23.8 a 8.3 b 32.1 ab 270.2 ab 129.6 b
N1P2B1 0.271 ab 0.094 bc 26.1 a 7.7 b 33.8 ab 284.5 ab 142.4 b
N2P1B0 0.266 ab 0.093 c 24.0 a 6.7 b 30.7 b 292.8 a 240.6 a
N2P1B1 0.268 ab 0.096 bc 23.2 a 7.0 b 30.2 b 286.3 ab 227.7 a
N2P2B0 0.257 b 0.101 abc 22.8 a 7.6 b 30.4 b 291.0 ab 130.8 b
N2P2B1 0.256 b 0.113 a 29.1 a 11.0 a 40.1 a 281.7 ab 167.0 b

Notes: Different lowercase letters within one column indicate significant differences (p < 5%).

The use of P fertilizer significantly (p < 5%) increased grain K concentration (GKC) by 5.3%
(Table 8). Less P fertilizer application significantly lowered the GKC to 0.184% compared to N2P2B1,
which resulted in the greatest GKC of 0.202% (Table 6). By contrast, straw K concentration (SKC) was
significantly (p < 5%) increased by 7.7% in response to biochar application (Table 8). The addition
of biochar to fertilizer uniformly generated a higher SKC, although no statistical significance was
observed. A comparatively low SKC was achieved with the combined application of 67.5 kg P ha−1

and N fertilizer, irrespective of the N fertilization level. Generally, biochar or fertilizer did not have
a significant impact on K uptake into grain and straw. With the same application rate of N and
biochar, an increase in P fertilizer led to more grain K uptake, especially for N2P2B1, in which SKC
was increased by over 44% compared with that in N2P1B1. K uptake by straw improved more or less
by blending biochar with the corresponding N and P fertilizer, except N1P1B0. The lowest K uptake
by straw (110.6 kg K ha−1) was obtained from N2P2B0, while the mean values significantly increased
to 161.6 kg K ha−1, the highest K uptake by straw, with incorporation of the fertilizer with biochar.
A consistent trend was also detected for the total K uptake by rice between different treatments.
Internal K use efficiency (IEK) was significantly (p < 5%) decreased by 6.6% in response to biochar
application (Table 8). There was a negative effect of biochar on IEK, which had values between 59.9 and
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69.5 kg kg−1. Biochar significantly increased the K partial factor productivity only when the highest
amounts of N and P fertilizer were mixed.

Table 6. Effects of N, P and biochar on plant K concentration, uptake, internal K use efficiency and
partial K factor productivity at maturity.

Treatment
Concentration (%) Uptake (kg ha−1)

Internal Use
Efficiency

Partial Factor
Productivity

Grain Straw Grain Straw Total (kg kg−1) (kg kg−1)

N1P1B0 0.184 b 1.33 ab 16.16 b 117.8 ab 134.0 ab 65.9 ab 130.3 b
N1P1B1 0.188 ab 1.34 ab 15.75 b 113.8 b 129.6 b 66.1 ab 124.3 b
N1P2B0 0.193 ab 1.28 b 17.04 ab 112.3 b 129.3 b 68.4 a 129.6 b
N1P2B1 0.200 ab 1.39 ab 19.34 ab 136.0 ab 155.3 ab 63.1 ab 142.4 ab
N2P1B0 0.190 ab 1.34 ab 17.06 ab 121.7 ab 138.8 ab 65.4 ab 133.7 ab
N2P1B1 0.184 b 1.49 a 15.84 b 126.4 ab 142.3 ab 59.9 b 126.4 b
N2P2B0 0.193 ab 1.25 b 17.11 ab 110.6 b 127.7 b 69.5 a 130.8 b
N2P2B1 0.202 a 1.41 ab 22.94 a 161.6 a 184.5 a 62.2 ab 167.0 a

Notes: Different lowercase letters within one column indicate significant differences (p < 5%).

3.3. Soil Properties

For soil properties under different treatments, see Table 7. P fertilizer significantly (p < 5%)
influenced CEC, which was markedly increased by 14.7% in N1P2B1 compared with N1P1B1 (Table 8).
Likewise, the application of P fertilizer exerted a positive but more dramatic (p < 1%) effect on
exchangeable Ca (ECa), which was increased by 4.1% with P fertilizer (Table 8). Meanwhile, ECa
was decreased significantly (p < 1%) by 4.0% in response to biochar application (Table 8). As a result,
the application of N1P2B0 and N2P2B0 revealed significantly higher ECa than N2P1B1 and N1P1B1.
The exchangeable Mg (EMg) significantly resulted in a 5.2% increase (p < 5%) in response to the addition
of P fertilizer, but a 9.0% decline (p < 1%) in response to biochar application (Table 8). The effect of
the P fertilizer by biochar interaction was also significant (p < 5%) for EMg (Table 8). The content of
EMg was higher for the P fertilizer than either biochar amendment or their combined application.
Therefore, relatively higher mean values of EMg were achieved with pure fertilizer treatment, such
as N1P2B0 and N2P2B0. The soil exchangeable Na and exchangeable K did not show any significant
response to either biochar amendment or fertilization. The EBC, composed of ECa, EMg, exchangeable
Na and K, was markedly increased by 4.1% (p < 5%) in response to P fertilizer, but decreased by
5.2% (p < 1%) in response to biochar amendment (Table 8). The treatments had no significant effect
on both exchangeable H and base saturation (BS). Overall, biochar significantly (p < 5%) resulted
in a 17.3% decrease in the EAl, accounting for 73.2% to 82.3% of the exchangeable acidity (Table 8).
However, this decrease was not enough to cause a statistically significant reduction in the exchangeable
acidity. The contents of exchangeable acidity and EAl were significantly higher in N1P1B0 than N1P1B1,
while this was vice versa for pH. The biochar application significantly (p < 5%) increased soil pH by
1.7% (Table 8). Despite the considerable electrical conductivity, biochar did not cause any significant
increase in the electrical conductivity of soil. N1P1B1-treated soil recorded the lowest organic matter,
TN, available N, AP and AK with respective mean values of 38.7 g kg−1, 1.79 g kg−1, 154.9 mg kg−1,
4.5 mg kg−1 and 51.7 mg kg−1. Moreover, the values of those parameters in N1P2B1 were significantly
enhanced compared to N1P1B1. TN was significantly changed by the N fertilizer and P fertilizer by
biochar interactions (Table 8). AP notably increased by 19.9% (p < 1%) and AK by 17.5% (p < 5%) in
response to the P fertilizer (Table 8).
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Table 7. Soil properties in response to N, P and biochar applied in various proportions.

Parameter N1P1B0 N1P1B1 N1P2B0 N1P2B1 N2P1B0 N2P1B1 N2P2B0 N2P2B1

CEC (cmol kg−1) 8.37 ab 8.17 b 8.97 ab 9.37 a 8.43 ab 8.10 b 8.73 ab 8.37 ab
ECa (cmol kg−1) 4.45 ab 4.20 c 4.65 a 4.46 ab 4.56 ab 4.35 bc 4.63 a 4.56 ab
EMg (cmol kg−1) 1.04 b 0.95 c 1.13 a 0.99 bc 1.03 bc 1.00 bc 1.13 a 0.99 bc
ENa (cmol kg−1) 0.13 a 0.09 b 0.11 ab 0.11 ab 0.13 a 0.11 ab 0.11 ab 0.11 ab
EK (cmol kg−1) 0.16 a 0.18 a 0.17 a 0.20 a 0.22 a 0.15 a 0.21 a 0.16 a
EH (cmol kg−1) 0.15 a 0.11 a 0.11 a 0.15 a 0.13 a 0.12 a 0.19 a 0.18 a
EAl (cmol kg−1) 0.58 a 0.33 b 0.51 ab 0.45 ab 0.54 a 0.47 ab 0.52 a 0.53 a
EA (cmol kg−1) 0.73 a 0.45 b 0.62 ab 0.60 ab 0.67 ab 0.59 ab 0.71 a 0.70 ab

EBC (cmol kg−1) 5.78 abc 5.43 c 6.07 a 5.76 abc 5.93 ab 5.61 bc 6.07 a 5.81 ab
BS (%) 70.1 a 66.6 a 67.7 a 61.5 a 70.4 a 69.2 a 69.6 a 69.7 a

pH 5.01 b 5.23 a 5.09 ab 5.11 ab 5.11 ab 5.10 ab 5.04 b 5.16 ab
EC (µS cm−1) 133.4 a 120.7 ab 116.2 ab 120.8 ab 108.2 b 118.1 ab 111.2 ab 121.4 ab
OM (g kg−1) 43.7 a 38.7 b 43.1 ab 43.8 a 42.2 ab 43.4 ab 44.3 a 44.0 a
TN (g kg−1) 2.11 ab 1.79 c 1.86 bc 2.15 a 2.06 abc 2.06 abc 2.13 ab 2.05 abc

AN (mg kg−1) 168.9 a 154.9 b 167.1 ab 172.2 a 170.1 a 173.8 a 167.3 ab 165.2 ab
AP (mg kg−1) 5.0 ab 4.5 b 5.5 ab 6.5 a 5.2 ab 4.7 b 5.6 ab 6.6 a
AK (mg kg−1) 71.5 abcd 51.7 d 81.1 ab 87.8 a 58.8 cd 65.8 bcd 58.8 cd 72.6 abc

Notes: CEC: Cation exchange capacity; ECa: Exchangeable Ca; EMg: Exchangeable Mg; ENa: Exchangeable Na; EK:
Exchangeable K; EH: Exchangeable H; EAl: Exchangeable Al; EA: Exchangeable acidity; EBC: Exchangeable base
cations; BS: Base saturation; EC: Electrical conductivity; OM: Organic matter; TN: Total N; AN: Available N; AP:
Available P; AK: Available K; and different lowercase letters within one row indicate significant differences (p < 5%).

Table 8. ANOVA for the effects of N, P and Biochar (B) on plant- and soil-related parameters.

Parameter
Source

N P B N × B P × B N × P × B

PFPN **
SPC *
SPU * *
PFPP **
GKC *
SKC *
IEK *
CEC *
ECa ** **
EMg * ** *
EAl *
EBC * **
pH *
TN *
AP **
AK *

Notes: ANOVA: Analysis of variance; PFPN: N partial factor productivity; SPC: Straw P concentration; SPU: Straw P
uptake; PFPP: P partial factor productivity; GKC: Grain K concentration; SKC: Straw K concentration; IEK: Internal
K use efficiency; CEC: Cation exchange capacity; ECa: Exchangeable Ca; EMg: Exchangeable Mg; EAl: Exchangeable
Al; EBC: Exchangeable base cations; TN: Total N; AP: Available P; AK: Available K; *: Significant at p < 5%; and
**: Significant at p < 1%.

The content of mineral N (Nmin) at different growth stages is illustrated in Figure 3. Soils under
the different treatments had comparatively higher NH4

+-N content than NO3
−-N during tillering,

booting and heading stages. The highest NO3
−-N content in soil was recorded during the heading

stage, followed by the booting stage, maturity stage and tillering stage. As for NH4
+-N, there was

a general trend, with the content dropping during harvesting. Generally, the predominant Nmin
in pre-harvest soil was NH4

+-N, although the ratio between NH4
+-N and NO3

−-N leveled out to
be around 1.0 after harvest. NH4

+-N content was marginally reduced by biochar in the samples
taken during the tillering and heading stages, although this was not the case at the end of the
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trial period. P fertilizer-treated soil contained modestly higher NH4
+-N and NO3

−-N during the
heading stage. In particular, NH4

+-N and NO3
−-N content in soil significantly increased by 21.5% and

15.7%, respectively, under N2P2B0 treatment compared to N2P1B0. NO3
−-N content was more or less

homogeneous in different growing periods.Sustainability 2018, 10, 537 11 of 17 
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4. Discussion

4.1. Soil Properties

In general, the addition of biochar can elevate soil pH due to its liming effect on soil. Peng et al.
found an increase of 0.1–0.46 (p < 1%) in the pH of an Ultisol after the addition of biochar derived from
rice straw [41]. In the current study, soil pH was significantly increased by approximately 0.1 unit on
average when the rice straw-derived biochar was applied. Furthermore, Lu et al. also observed the
liming effect in a subtropical paddy soil, which was accentuated at the higher dose of biochar with
smaller particle size [42]. Unlike soil pH, soil exchangeable acidity reflects the exchange capacity of
potential soil acid consisting of exchangeable H and EAl. There was a negative relationship between
the soil exchangeable acidity and the application rate and alkalinity of biochar in the acidic soil [43,44].
In this study, the addition of biochar significantly decreased soil EAl, with no significant changes in
soil exchangeable acidity from all treatments.

Biochar application did not exert a significant effect on soil CEC. He et al. concluded that the
effect of biochar addition on soil CEC depended on soil, biochar and duration of biochar in the soil [45].
The application of biochar increased soil CEC as a consequence of the increase in charge density
per unit surface of biochar from strengthening oxidation and/or expanding surface area for cation
adsorption [46]. Novak et al. have indicated that biochar did not change CEC in a Norfolk soil even
after a 67-day incubation period, implying that biochar produced at higher temperature (700 ◦C)
was so recalcitrant that it resisted the oxidation of biochar surface and microbial degradation [47].
The temperate stability of rice straw biochar may result in a negligible improvement in soil CEC over a
short timeframe. On the other hand, P fertilizer caused a significant increase (by 6.7%) in soil CEC.
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A large number of base cations, such as Ca2+ and Mg2+ in the P fertilizer contributed to this increase in
soil CEC, which is consistent with a previous study on acidic soils [48].

Therefore, the release of base cations in P fertilizer was beneficial to soil ECa, EMg and EBC.
We found that ECa and EMg significantly decreased with the addition of biochar at 2.25 t ha−1,
although this same rate had no significant effect on exchangeable Na and K. The discrepant results
could be linked to the capacity of biochar to adsorb cations with different valence values. Accordingly,
the soil EBC, consisting primarily of ECa and EMg, decreased after applying biochar. Based on the
partial Eta squared values (not shown), the effects of biochar, P fertilizer and their interaction on EMg
in decreasing order were B (0.655) > P (0.378) > B × P (0.254), which suggested that the negative effect
of biochar outperformed the positive effect of P fertilizer.

There have been several reports of the impact of biochar on soil nutrient content. For instance,
Ming et al. found that biochar induced different changes in the TN, AP and AK of subtropical paddy
soil, depending on biochar type and quantity [49]. A two-year consecutive field study conducted in a
subtropical paddy proved that only biochar applied at 40 t ha−1 could significantly increase TN in
soil [50]. However, the complex interactive effect of biochar and fertilizer on soil TN examined in
this study was frequently ignored, particularly when they were mixed together. Lin et al. confirmed
that increasing the input of P fertilizer was an effective approach to elevating soil P availability in
cold waterlogged paddy fields [51]. The increase in soil AP and AK may be related directly to the
significant impact of P fertilizer on soil CEC, a key soil fertility indicator.

4.2. Nutrient Uptake

Partial factor productivity is a parameter measuring the contribution of nutrients from both
the native soil and exotic inputs to the economic output [52]. In the present study, PFPN and
PFPP decreased significantly with increased levels of N supply from 120.0 to 180.0 kg ha−1 and
increased levels of P supply from 37.5 to 67.5 kg ha−1, respectively. Likewise, a highly significant
decrease in PFPN was detected as the amount of applied N increased under the maize cropping
system, which was shown to be independent of site or year [53]. Comparatively similar logarithmic
equations (all R2 > 0.99) illustrated the inverse relationship between P application rate and PFPP under
subtropical field conditions [54]. In our study, the available nutrients absorbed by rice in a cold
waterlogged paddy field were mainly obtained from the fertilizer, other than the soil itself. Therefore,
the decrease in PFPN and PFPP was presumably due to the increased N and P supply, which did not
cause corresponding increases in rice yield.

The internal nutrient use efficiency represents a plant’s ability to transform nutrient uptake
into grain production. The IEK in this study is comparable with the result of Islam and Muttaleb,
who obtained IEK values of 41.82–86.36 kg kg−1 with various K application rates during various
years in a wetland rice ecosystem under a subtropical climate [55]. It has been reported that IEK was
associated with K absorption, translocation and distribution in plant tissues at the cellular level [56].
In the present study, we found that a higher K uptake into rice was not accompanied by an increased
rice yield when biochar was applied. This indicated the potential benefit of biochar in terms of K
uptake by roots.

The uptake of nutrients by plants can be directly affected by biochar and/or fertilizer-induced
changes in soil nutrient states. A meta-analysis of 371 independent experiments revealed the superiority
of biochar in increasing plant P and K contents over fertilizer according to the improvement in their
availabilities through reduction in leaching losses and soil liming [57]. However, our analysis found
that GKC and SKC responded positively to P fertilizer and biochar, respectively. As a rule, the majority
of K uptake by rice is allocated to straw before the heading stage. Therefore, responses to applied
P fertilizer and biochar for K concentration in rice were highly dependent on the growing stage in
our study. Liu et al. also demonstrated that rice straw biochar significantly increased SKC by 13.7%
and 12.0%, respectively, relative to the CK in a cold waterlogged paddy field for two consecutive rice
growing cycles [58]. Based on the partial Eta squared values (not shown), the effect of N fertilizer by
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biochar interaction (0.260) was comparable with that of P fertilizer (0.256), which suggested that the
combined application of N fertilizer and biochar was as effective as application of P fertilizer alone in
increasing SPU. Nevertheless, SPC was significantly suppressed due to negative interactions between
N fertilizer and biochar. This may be due to the dilution effect dictated by the greater dry matter
production of rice straw.

4.3. Crop Production

As confirmed by previous research using meta-analysis, the application of biochar in soil can
result in increased crop growth, thus significantly enhancing crop production in terms of either yield
or biomass [59]. On the contrary, several studies have also reported negative responses of plant
performance to biochar, which has been attributed to the elevated pH [60]. The various effects of
biochar application on a crop system were mainly ascribed to the characteristics of biochar used, soil
type, crop species, climate condition, and so on. Solaiman et al. reported that oil mallee biochar
boosted wheat yield, while biochar produced by paper mill waste had destructive effects [61,62].
Chen et al. found no difference of wheat yield with the addition of biochar on alluvial soil in a pot
experiment, although biochar significantly increased wheat yield on loess soil [63]. The addition of
biochar benefited crop yield in acidic soil, although it was not always effective in calcareous soil [64,65].
According to Graber et al., wood-derived biochar has been demonstrated to significantly enhance
pepper plant development, including yield, although it had no effect on tomato yield despite enhancing
plant height and leaf size [66]. Results from a field trail across multiple years and in multiple locations
across the USA supported the hypothesis that crop yield in different locations responds differently to
complicated interactions of soil, biochar and climate [67].

This study suggested that fertilizer application at different rates and biochar amendment have
no significant effect on rice yield. Soil in cold waterlogged paddy fields was characterized by low
temperature and poor aeration conditions, which often caused a decrease in root activity and influenced
nutrient uptake by plants. Therefore, more fertilizer, especially N fertilizer, may not essentially
ameliorate the bad situation of roots and increase plant yield.

Moreover, the addition of biochar to chemical fertilizer resulted in no significant change in the rice
yield, except for N2P2B0 and N2P2B1 treatment. There is an argument that the high C/N ratio of biochar
might even restrict soil N availability, which probably induces a reduction in crop production [68].
In the present study, the C/N ratio of straw-derived biochar was as high as about 70. Compared to
N2P2B0 treatment, the C/N ratio of N2P2B1 treatment may be more appropriate in enabling rice to
obtain higher yields, which are mainly attributed to significant improvements in grains per panicle.
This was consistent with the findings of Chen et al., who found that biochar increased grains per
panicle through promoting rice grain filling under temperate climate conditions [69].

In the current study, there is scarce information about the yield effects resulting from biochar
application. The potential improvement in crop yield from the addition of biochar has been explained
by several mechanisms, such as improved soil properties, favorable surroundings of root growth
and modified soil nutrient status [70]. Given the short duration of this trial, the effect of biochar on
crop yield may be masked temporarily, which was confirmed under a maize–soybean rotation [71].
However, soil properties were partly changed by straw-derived biochar amendment, as discussed
above. Hence, the response of yield to biochar warrants further investigation.

5. Conclusions

The results suggested a positive response of pH and SKC to the soil applied with biochar for cold
waterlogged paddy fields. However, biochar application was shown to significantly reduce IEK, ECa,
EMg, EAl and EBC in cold waterlogged paddy fields. Significant increases in SPU, GKC, CEC, ECa,
EMg, EBC, AP and AK were observed when P fertilizer was added. PFPN and PFPP were significantly
lowered by increasing the application rate of N and P fertilizer, respectively. In addition, interactions
of biochar and fertilizer had an impact on crop performance and soil properties for cold waterlogged
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paddy fields. For instance, N fertilizer with biochar interactions notably promoted SPU, but had
a negative effect on SPC. The effect of interactions between P fertilizer and biochar was a marked
decrease in soil EMg. The statistical data indicated the complex interaction of biochar, P fertilizer
and N fertilizer with TN in soil. Compared to pure fertilizers in the farmers’ fertilization practice,
biochar–fertilizer combinations gave a better performance in terms of rice yield. However, rice yield
and biomass production were not significantly affected by biochar in cold waterlogged paddy fields.
Thus, it is imperative to conduct further investigation to elucidate the long-term effects of biochar in
soil-crop ecosystems.
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