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Abstract: Tomato is an important economic crop that is widely consumed worldwide. Tomato
production is mainly limited by the use of nitrogen fertilizer, sunlight, soil and water conditions.
Biochar is one of the soil amendments, and it is recognized as a promising practice for improving crop
production in agriculture. The effect of biochar on the photosynthetic traits and tomato yield under
reduced nitrogen fertilizer application is still not well understood. The objective of this research
is to investigate the influence of biochar application on the photosynthesis and yield of tomato
under reduced nitrogen fertilizer application from the perspectives of the nutrient uptake of plants
(nitrogen and phosphorus), leaf photosynthetic pigment and leaf gas exchange parameters. Two-year
greenhouse experiments containing six biochar levels (0, 10, 30, 50, 70, and 90 t ha—1) and two
nitrogen fertilizer application rates (190 and 250 kg ha—!) were conducted. Compared with C0, C50
significantly improved the nitrogen uptake (74-80%) and phosphorus uptake (76-95%) by tomato
plants and further enhanced the photosynthetic traits of tomato leaves (net photosynthetic rate (Pn),
stomatal conductance (gs), transpiration rate (Tr) and chlorophyll (2-60%), which lead to the highest
gains in tomato yield (more than 50%) even when the applied nitrogen fertilizer was significantly
reduced (from 250 kg ha~! to 190 kg ha™'). The photosynthesis rate had a linear correlation with
the total nitrogen and phosphorus accumulation and tomato yield. The results will enhance our
understandings about the effect of biochar on the photosynthesis and yield of tomato and be of
importance for practical agricultural management.
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1. Introduction

Tomato is an important economic crop that is widely consumed worldwide. It is rich
in phytonutrients, such as 3-carotene and vitamin C [1]. Because of its taste, flavors and
nutrient content, tomato is widely grown in the world. It is reported that the global crop
area of tomato has increased by 164%, and the total consumption of tomatoes has increased
by 314% during the past 40 years [2]. China is one of the biggest countries in terms of
tomato production and consumption. The land area of tomato crops in China accounts for
almost one third of the worldwide total [3]. However, tomato production is mainly limited
by the use of nitrogen fertilizer, sunlight, soil and water conditions [4,5].

Agronomy 2021, 11, 1598. https:/ /doi.org/10.3390/agronomy11081598

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-5443-5569
https://orcid.org/0000-0003-0907-8819
https://orcid.org/0000-0001-8109-9687
https://doi.org/10.3390/agronomy11081598
https://doi.org/10.3390/agronomy11081598
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11081598
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11081598?type=check_update&version=2

Agronomy 2021, 11, 1598

20f 14

Biochar is a recognized promising amendment to improve crop production [6,7]. It is a
carbon solid material that is produced from biomass by low-temperature pyrolysis [8-10]. Many
studies have reported that biochar was a useful choice for improving water condition and soil
characteristics, promoting crop growth and production and reducing environmental pollution
in agricultural practice [11-13]. Previous studies showed that biochar affected the nutrient
uptake of plants by changing the nutrient release dynamics of the soil-plant system [14-16].
For example, biochar addition increased soil water-holding capacity and nitrogen adsorption
and enhanced N immobilization, which led to a reduction in nitrogen leaching and an in-
crease in bioavailability and maize yield [17]. Recently, it has been reported that biochar had
the potential of enhancing the nutrient accumulation (N) and photosynthesis of plants [18].
The addition of biochar into paddy soil has been shown to improve the plant height, biomass
and photosynthesis of rice [19]. Furthermore, biochar was recognized to positively impact the
Pn, chlorophyll index, nitrogen balance index and leaf soluble sugar of soybean, and the effects
increased as the biochar application rate increased [20]. It was expected to boost the positive
effects when the N fertilizer was applied together. As a soil amendment, biochar improved the
water and nutrient status of phragmites karka, which led to an increase in net photosynthesis
and a higher energy-use efficiency of the photosystem for phragmites karka [21]. Moreover,
there was also evidence suggesting that biochar stimulated plant photosynthesis and growth by
changing root traits and stimulating the root growth of crops [22]. Water supply conditions was
also shown to impact the change in photosynthetic traits of leaves, which further impacted the
yield of crops [23,24].

Biochar amendment can impact the growth and productivity of tomato. For exam-
ple, adding 5%, 10% or 15% biochar in a peat-based growing medium improved tomato
plant water-use efficiency, and increased tomato fruit dry-weight yield by up to 32% [25].
When the biochar was added into coconut fiber-tuff, the tomato yield increased signifi-
cantly [26]. Although the available literature documented a general improvement in crop
response under biochar amendment, there were still notable exceptions. A recent study
showed that biochar cannot significantly improve tomato yield under nutritional stress [27].
In the fertile soil, adding 14 t ha—1 biochar stimulated plant growth but not the yield of
processed tomato [28]. Meanwhile, many reports have studied the impact of nitrogen
supply on tomato. During the growing season, lowering nitrogen supply (the nitrate
concentration was lowered from 12 mM to 4 mM or 6 mM) had an impact on tomato yield
(—7.5%), but it increased fruit dry-matter content and also improved fruit quality due to
lower acid (10—16%) and higher soluble sugar content (5—17%) [29]. In a silty-clay soil
under Mediterranean conditions, increasing the N supply from 200 kg ha~! to 300 kg ha~!
resulted in lower total and marketable tomato yield [30]. Therefore, the maximum tomato
yield and N use efficiency were obtained at the N rate of 200 kg ha~!. Recently, it has been
shown that reducing the N supply (from 14 mM to 3 mM in nutrient solution) had different
effect on tomato yield when the reduction was imposed from transplant or anthesis [31].
Overall, the available results regarding the relationship among biochar, N and tomato are
variable. Furthermore, there is little information available about the synergistic effect of
biochar and N on tomato plant growth and yield.

Photosynthesis is important for tomato plant growth and its yield. Most available
studies investigating the photosynthesis of tomato focused on the effect of pathogens, light
intensity, temperature and genes, etc. [32-34]. Little information was known about the effect
of biochar on the photosynthetic traits of tomato under reduced N fertilizer application.
In this paper, we investigated the effect of biochar application on the photosynthesis of
tomato from the perspectives of nutrient uptake of plants (N and phosphorus (P), leaf
photosynthetic pigment and leaf gas exchange parameters. Considering the aim of the
investigation, the following hypotheses were proposed: (1) Biochar improved the yield of
tomato by enhancing its leaf photosynthetic traits under reduced N fertilizer application.
(2) Biochar improved the leaf photosynthetic pigment content and leaf gas exchange
parameters of tomato due to the increasing nutrient uptake of plants (N and P) under
reduced N fertilizer application.
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2. Materials and Methods
2.1. Experimental Site and Setup

Two-year greenhouse experiments were carried out from 2 September 2017 to
10 February 2018 (the first year) and from 6 April 2018 to 1 August 2018 (the second year),
respectively, in Yangling City, Shaanxi Province, China. The greenhouse was 108 m in length
and 8 m in width. The soil in the greenhouse was classified as a silty clay loam with a bulk
density of 1.35 g cm 3. Regarding to the physical and chemical properties of the soil, it had a
field capacity of 27.98%, a pH of 7.35, a soil porosity of 49.01%, and its organic matter content
was 16.48 g kg~ !; total N was 0.96 g kg ~1; total P was 0.87 g kg !, and total K was 10.4 g kg 1.
The used biochar was produced from the trunks and branches of discarded fruit trees, pyrolyzed
at 450 °C and manufactured by Shaanxi Yixin Bioenergy Technology Development Co., Ltd.,
Yangling City, Shaanxi Province, China. The surface area of the biochar was 87.1 m? g~1. Its
pH value, amount of carbon, total ash, total N, NO; ~-N and NH4*-N were 10.51%, 72.38%,
19.8%, 0.98 g kg1, 0.59 mg kg~ ! and 1.67 mg kg, respectively. The “Dorui Star” cultivar sold
by Seedling Breeding Center of Yangling Demonstration Area (Yangling City, Shaanxi Province)
was used for the experiments. Drip irrigation pipes (Shaanxi Huawei Agricultural Science and
Technology Development Co., Ltd., Yangling City, Shaanxi Province, China) were laid on the
ground. The length of the pipes was the same as the ridge length (5.5 m).

Considering the experimental setups in Du, et al. [35] and Guo, et al. [36], six biochar
application levels (CO, 0 t ha~!; C10, 10 t ha~%; C30, 30 t ha—1; C50, 50 t ha1; C70,
70 tha=1; C90,90 t ha—!) and two N fertilizer application rates (N1, 190 kg ha~! and N2,
250 kg ha™!, N = 46% by weight) were designed in this experiment. N2 was the normal
amount of N fertilizer applied by local farmers in the area. A total of 12 treatments were
designed and named N1CO0, N1C10, N1C30, N1C50, N1C70, N1C90, N2C0, N2C10, N2C30,
N2C50, N2C70 and N2C90. In the experiments, each treatment occupied a block in the
greenhouse. For each block, it was composed by three small plots (representing three
replicates for the same treatment). The tomato seedlings were transplanted at the fourth
leaf stage. A total of 30 plants were transplanted in each plot in double rows with a row
distance of 40 cm and a plant spacing of 45 cm, and 90 plants were transplanted in each
block, which resulted in a total of 1080 plants in each experiment. The plots were irrigated
up to 90% field capacity (FC) when the soil moisture content was lower than 60% FC.
The applied P and K fertilizer were phosphorus (P,O5 = 16% by weight) and potassium
sulfate (K,O = 51% by weight), respectively. The setups were the same for the two ex-
periments. In the first year of the experiment, the biochar (passed through a 4 mm sieve)
was applied to the 0-30 cm soil layer by plowing with a rotary tiller. Then the N, P and K
fertilizer were applied. In the second year, no additional biochar was applied, and only the
N, P and K fertilizers were applied.

2.2. Measurements
2.2.1. N and P Uptake of Tomato Plants

During the fruiting stage of the experiments (40-80 days after planting), 15 tomato
plant samples were collected in each block. For each sample, soil in the root was removed,
and the root was washed with fresh water. They were then separated into various parts:
roots, stems, leaves and fruits. The samples were oven-dried at 105 °C for 30 min and
then at 75 °C to constant weight. The oven-dried samples of roots, stems, leaves and fruits
were ground and passed through a 0.5 mm sieve. Then they were digested with HySO4
(5 mL)-HyO, (3—6 mL). A Kjeldahl nitrogen analyzer (FOSS 2300) was used for N content
analysis. The vanadium molybdenum yellow absorbance colorimetric method [37] was
used to determine P content. N accumulation was calculated by multiplying N content
in roots, stems, leaves and fruits with the respective plant dry-matter and summing them
together. The P accumulation was calculated in the same way.
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2.2.2. Tomato Leaf Gas Exchange Parameters

For each small plot, five plants were randomly selected. A total of 15 plants were
measured for each treatment (block). During the fruiting stage of the experiments, five
healthy leaves with sufficient light exposure and consistent leaf position and without
visible symptoms of damage were selected from each plant. The net photosynthetic rate
(Pn), stomatal conductance (gs) and transpiration rate (Tr) of the leaves were measured
by the LI-6400 photosynthesis measurement system (LI-COR, Lincoln, NE, USA) [38] at
10:00 a.m.-12:00 p.m.

2.2.3. Tomato Leaf Photosynthetic Pigment

The leaves that have been measured in Section 2.2.2 were also used for the determi-
nation of chlorophyll a, b and a + b contents. Circular pieces were cut from the selected
leaves and they were then extracted with 95% ethanol. The final extracts were measured
using a spectrophotometer [39], and the absorbance values at 665 nm and 649 nm were
recorded. Then the contents of chlorophyll a, b and a + b were determined.

2.2.4. Tomato Yield

In each experiment, 15 tomato plants were harvested from each block. Fruits of tomato
plants from the first to the fourth layer were measured in turn, and then the total fresh
weight of these four layers fruit were calculated as the total yield for each plant.

2.2.5. Statistical Analysis

The experimental data was analyzed using SPSS version 23.0 software (SPSS Inc.,
Chicago, IL, USA). In order to test the significant difference in the parameters among the
treatments, two-way analysis of variance (ANOVA) was performed. N, biochar application
and year were supposed to be fixed factors. The means were compared using Duncan’s
multiple range test at the 0.05 probability level. The relationship between Pn and total
N and P accumulation and the relationship between Pn and tomato yield were tested
using regression analysis. The responses of nutrient uptake (N and P), gas exchange
parameters, photosynthetic pigment content and tomato yield to biochar and N application
were further analyzed with principal component analysis using MATLAB R2018a software
(The MathWorks, Inc., Natick, MA, USA).

3. Results
3.1. The N and P Uptake of Tomato Plants
3.1.1. N Uptake

The effect of biochar on the total N accumulation of root, stem, leaf and fruit was
significant, and there was significant difference for N fertilizer application, year, N x C,
Y x Cand Y x N x C (Table 1). In 2017, the order of N content in different organs
was: fruit > leaf > stem > root; in 2018, the order of N content in different organs was:
stem > fruit > leaf > root. The total N accumulation first increased and then decreased with
the increase of biochar application, and the treatment of C50 was the largest for both N1
and N2 in 2017 and 2018 (Figure 1).

In 2017, the total N accumulation of C10, C30, C50, C70 and C90 in the N1 treat-
ment group increased by 10.33%, 34.97%, 74.82%, 67.07% and 34.07%, with respect to CO.
The total N accumulation of N1C50 reached the maximum. Compared with CO0, the total N
accumulation of C10, C30, C50, C70 and C90 in the N2 treatment group increased by 12.91%,
36.92%, 54.49%, 49.47% and 22.29%, and the N2C50 was the maximum. For C50 and C70,
there was no significant difference in the total N accumulation between N1 and N2.

In 2018, the total N accumulation of C10, C30, C50, C70 and C90 in the N1 treatment
group increased by 18.70%, 74.99%, 80.07%, 79.68% and 51.26%, with respect to C0. The
N1C50 reached the maximum. Compared with C0, the total N accumulation of C10, C30,
C50, C70 and C90 in the N2 treatment group increased by 20.75%, 49.95%, 65.99%, 37.24%
and 25.58%, and the N2C50 was the maximum. For C30, C50, C70 and C90, there was no
significant difference in the total N accumulation between N1 and N2.
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Table 1. Output of two-way ANOVA of N accumulation, P accumulation, Pn, gs, Tr, chlorophyll a, chlorophyll b, chlorophyll
a + b and yield as affected by N (N1 and N2), biochar (C0, C10, C30, C50, C70 and C90) and year (2017 and 2018).
*,** and *** indicate significance levels at p < 0.05, p < 0.01 and p < 0.001, respectively, and ns denotes no significance.

Factors N Accumulation P Accumulation Pn gs Tr Chlorophyll a Chlorophyll b Chlorophylla+b  Yield
N *xE * ns ns ns ns * ns xoek
C %% %% Rt X%k *%% %% *%% *%% *¥%
Y EE L K%k L LT3 ns %% *% Rk
N x C oex ns woex ek ns ns ns ns il
Y x N ns ns ns ns ns * * * il
Y X C ok ok k% k% k% ns ns ns Kok
Y x N x C * ns * ns * ns ns ns ok
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Figure 1. The effect of biochar on the N uptake of tomato plants under low (N1) and normal (N2) nitrogen
fertilization in 2017 (a) and 2018 (b). Different lowercase letters denote significant differences among
treatment means at the 0.05 level by Duncan’s MRT method.

3.1.2. P Uptake

Biochar had a significant effect on the total P accumulation of tomato plants, as did N
fertilizer, year and Y x C (Table 1), while there were no significant differences for N x C,
Y x NandY x N x C. On average, the order of P content in different organs was as follows:
fruit > leaf > stem > root. The total P accumulation showed a trend of first increasing and
then diminishing as the amount of applied biochar increased, and it reached the maximum
in C50 for both N1 and N2 in 2017 and 2018 (Figure 2).

In 2017, the total P accumulation of C10, C30, C50, C70 and C90 in the N1 treatment
group increased by 34.34%, 49.27%, 76.04%, 63.84% and 32.66%, with respect to CO.
The total P accumulation of N1C50 reached the maximum. Compared with CO0, the total
P accumulation of C10, C30, C50, C70 and C90 in the N2 treatment group increased by
5.94%, 18.53%, 25.05%, 11.48% and 4.22%, and the N2C50 was the maximum. For C10,
C30, C50, C70 and C90, they all had no significant difference in the total P accumulation
between N1 and N2.

In 2018, the total P accumulation of C10, C30, C50, C70 and C90 in the N1 treat-
ment group increased by 21.67%, 89.87%, 94.82%, 74.45% and 34.90%, with respect to CO.
The total P accumulation of N1C50 reached the maximum. Compared with CO0, the total
P accumulation of C10, C30, C50, C70 and C90 in the N2 treatment group increased by
16.41%, 82.61%, 88.57%, 70.57% and 2.38%, and the N2C50 was the maximum. For C10,
C30. C50, C70 and C90, there was no significant difference in the total P accumulation
between N1 and N2.
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Figure 2. The effect of biochar on P uptake of tomato plants under low (N1) and normal (N2) nitrogen
fertilization in 2017 (a) and 2018 (b). Different lowercase letters denote significant differences among
treatment means at the 0.05 level by Duncan’s MRT method.

3.2. Gas Exchange Parameters of Tomato Leaves

The effects of biochar on Pn, gs and Tr of tomato leaves were significant, as well as
year and Y x C (Table 1). N x C had a significant effect on Pn and gs while it did not have
significant effect on Tr. Y x N x C had a significant influence on Pn and Tr, but it did not
have significant effects on gs. Overall, Pn, gs and Tr first increased and then decreased as
the amount of applied biochar increased (Table 2).

Table 2. The effects of biochar on gas exchange parameters in tomato leaves under low (N1) and
normal (N2) nitrogen fertilization in 2017 and 2018. Different lowercase letters denote significant
differences among treatment means at the 0.05 level by Duncan’s MRT method.

Pn (mmol m—2s—1) Gs (mol m—2s—1) Tr (mmol m—2s-1)
Treatment
2017 2018 2017 2018 2017 2018
o 2368f  2525¢  026g 0.39 e 981g 10.16
C10 25.29 e 27.31d 0.30 f 0.41 de 10.80 ef 1193 e
N1 C30 22117)3; 29.96 ¢ 0.36 abc 0.49 ¢ 11.63d 13.75 be
C50 28.67 a 32.77b 0.38 ab 0.62 a 12.73 ¢ 14.27 ab

C70 28.29 abc 3520 a 0.39a 0.57 ab 13.71 ab 14.74 a
C90 27.35bcd  34.18 ab 0.35 bed 0.51 bc 13.26 abc 1331 ¢

Co 26.77 d 25.08 e 0.32 ef 0.46 cde 10.46 fg 11.57 e
C10 27.04 cd 26.05 de 0.34 cde 0.47 cd 11.30 de 12.58 d
N2 C30 i{)?g 27.07 d 0.38 ab 0.50 be 12.50 ¢ 13.44 c
C50 28.45 ab 33.61b 0.36 abc 0.6la 13.25abc  14.27 ab
C70 iifg 34.29 ab 0.35 bed 0.52 bc 14.07 a 1441 a
C90 2736 bcd  33.74 ab 0.33 de 0.52 bc 13.15bc 1448 a
Mean 27.23 30.38 0.34 0.51 12.22 13.24

In 2017, the C10, C30, C50, C70 and C90 in N1 treatment group increased Pn by
6.83%, 18.05%, 21.08%, 19.48% and 15.53%, with respect to C0. The Pn of N1C50 reached
the maximum. Compared with CO, the Pn of C10, C30, C50, C70 and C90 in the N2
treatment group increased by 1%, 5.54%, 6.25%, 4.08% and 2.20%, and the N2C50 is the
maximum. For C30, C50, C70 and C90, there was no significant difference in Pn between
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N1 and N2. In 2018, N1C70 and N2C70 increased the Pn by 39.42% and 36.71%, which
are the maximum in the N1 and N2 groups, respectively.

In 2017, the C10, C30, C50, C70 and C90 in the N1 treatment group increased gs by
13.94%, 37.98%, 44.32%, 49.37% and 34.18%, with respect to C0. The gs of N1C70 reached the
maximum. Compared with CO, the gs of C10, C30, C50, C70 and C90 in the N2 treatment
group increased by 6.25%, 18.75%, 13.53%, 10.41% and 3.13%, and the N2C30 is the maximum.
For C30, C50 and C90, there was no significant difference in gs between N1 and N2. For C70,
the gs of N1 is significantly higher than N2. In 2018, N1C50 and N2C50 increased the gs by
58.97% and 32.61% which are the maximum in the N1 and N2 groups, respectively.

In 2017, the C10, C30, C50, C70 and C90 in the N1 treatment group increased Tr by
10.05%, 18.51%, 29.76%, 39.74% and 35.09%, with respect to C0. The Tr of N1C70 reached
the maximum. Compared with C0, the Tr of C10, C30, C50, C70 and C90 in the N2 treatment
group increased by 8.03%, 19.47%, 26.66%, 34.57% and 25.65%, and the N2C70 was the
maximum. For C10, C50, C70 and C90, no significant difference was shown in Tr between
N1 and N2. In 2018, N1C70 increased the Tr by 45.08%, which was the maximum.

3.3. Photosynthetic Pigments in Tomato Leaves

Biochar had significant effects on the content of chlorophyll a, b and a + b of tomato
leaves, as well as Y x N (Table 1). N application had a significant effect on chlorophyll
b, while it did not have a significant effect on chlorophyll a or a + b. Year had significant
effects on chlorophyll b and a + b, but there was no significant effect on chlorophyll a.
The content of these photosynthetic pigments in tomato leaves first increased and then
decreased as the amount of applied biochar increased, and they achieved the maximum
either at C30 or C50 treatment in 2017 and 2018 (Table 3).

Table 3. The effects of biochar on photosynthetic pigments in tomato leaves under low (N1) and
normal (N2) nitrogen fertilization in 2017 and 2018. Different lowercase letters denote significant
differences among treatment means at the 0.05 level by Duncan’s MRT method.

Chlorophyll a/mg.g Chlorophyll b/mg.g  Chlorophyll a + b/mg.g

Treatment

2017 2018 2017 2018 2017 2018
Co 1.69 cde 1.82 ab 0.71 cd 0.63abcd  2.40 bcd 2.46 ab
C10 1.82 bed 1.86 ab 0.72 cd 0.66 abc 2.55 bc 2.52 ab
C30 1.93 abc 192a 0.81 abc 0.67 ab 2.73 ab 2.59a
N1 C50 181bed  1.86ab  073cd  0.65abcd 253 be 2.50 ab
C70 1.68 cde 1.76 abc 0.67d 0.58 def 2.34 cd 2.34 abc
C90 1.50e 1.52d 0.56 e 0.52f 2.06d 2.04d
(@] 1.76 cde 1.72 abc 0.71 cd 0.59 cde 2.47 bc 2.32bc
C10 2.12a 1.75 abc 0.87 a 0.61 bed 298 a 2.36 abc
C30 2.08 ab 1.89 ab 0.84 ab 0.69 a 292 a 258 a
N2 C50 178cde  187ab  075bcd 0O6dabed  2.53be 251 ab
C70 1.70 cde 1.70 bed 0.71 cd 0.60 cde 2.41 bed 2.29 be
C90 1.59 de 1.59 cd 0.65 de 0.54 ef 2.24 cd 213 cd
Mean 1.79 1.77 0.73 0.61 2.51 2.39

In 2017, the C10, C30, C50, C70 and C90 in the N1 treatment group increased chloro-
phyll a by 7.68%, 13.78%, 6.69%, —0.98% and —11.42%, with respect to C0O. The chlorophyll
a of N1C30 reached the maximum. Compared with CO, the chlorophyll a of C10, C30,
C50, C70 and C90 in the N2 treatment group increased by 20.27%, 7.99%, 0.95%, —3.41%
and —9.47%, and the N2C10 is the maximum. For C30, C50, C70 and C90, there was no
significant difference in chlorophyll a between N1 and N2. In 2018, N1C30 and N2C30
increased the chlorophyll a by 5.48% and 9.86%, which are the maximum in the N1 and N2
groups, respectively.

In 2017, the C10, C30, C50, C70 and C90 in the N1 treatment group increased chloro-
phyll b by 2.36%, 14.15%, 2.83%, —5.66% and —21.23%, with respect to C0. The chlorophyll
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b of N1C30 reached the maximum. Compared with CO, the chlorophyll b of C10, C30,
C50, C70 and C90 in the N2 treatment group increased by 22.64%, 18.87%, 6.13%, 0.47%
and —8.49%, and the N2C10 is the maximum. For C30, C50, C70 and C90, there was no
significant difference in chlorophyll b between N1 and N2. In 2018, N1C30 and N2C30
increased the chlorophyll b by 5.26% and 15.73%, which are the maximum in the N1 and
N2 groups, respectively. Similar to the case of chlorophyll a, applying excessive biochar,
for example C90, always results in lower content of chlorophyll b than CO.

In 2017, N1C30 and N2C10 reached the maximum in the N1 and N2 groups, which
increased the content of chlorophyll a + b by 13.89% and 20.94% in N1 and N2, respectively.
In 2018, N1C30 and N2C30 reached the maximum in the N1 and N2 groups, which
increased the content of chlorophyll a + b by 5.43% and 11.37% in N1 and N2, respectively.
For C30, C50, C70 and C90, there was no significant difference in chlorophyll a + b between
N1 and N2 in both 2017 and 2018.

3.4. Tomato Yield

Biochar, nitrogen fertilizer, year and their interactions (N X C,Y X N,Y X C, Y x N x C)
had significant effects on tomato yield (Table 1). In general, the tomato yield first increased and
then decreased as the amount of applied biochar increased. And it reached the maximum at
C50 for both the N1 and N2 groups in 2017 and 2018 (Figure 3).
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Figure 3. The effect of biochar on tomato yield under low (N1) and normal (N2) nitrogen fertilization
in 2017 (a) and 2018 (b). Different lowercase letters denote significant differences among treatment
means at the 0.05 level by the Duncan’s MRT method.

In 2017, the C10, C30, C50, C70 and C90 in the N1 treatment group increased tomato
yield by 1.31%, 46.29%, 55.24%, 47.81% and 26.58%, with respect to C0. The tomato yield
of N1C50 reached the maximum. Compared with CO0, the tomato yield of C10, C30, C50,
C70 and C90 in the N2 treatment group increased by 8.83%, 24.55%, 31.49%, 25.04% and
11.91%, and the N2C50 was the maximum. For C30, C50 and C70, there was no significant
difference in tomato yield between N1 and N2.

In 2018, the C10, C30, C50, C70 and C90 in the N1 treatment group increased tomato
yield by 6.65%, 45.76%, 54.79%, 51.27% and 32.80%, with respect to C0O. The tomato yield of
N1C50 reached the maximum. Compared with CO0, the tomato yield of C10, C30, C50, C70
and C90 in the N2 treatment group increased by 7.32%, 28.26%, 32.33%, 26.38% and 13.53%,
and the N2C50 was the maximum. For C50 and C90, there was no significant difference in
tomato yield between N1 and N2.
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(a) N1

Pn (mmol m?s™)

Therefore, C50 was the best biochar application rate for both N1 and N2 group,
which always resulted in the highest increase in tomato yield in comparison with CO.
Furthermore, it was important to notice that N fertilizer reduction (from N2 to N1) did
not decrease the yield.

3.5. The Relationship between Nutrient Uptake, Pn and Tomato Yield

The regression analysis exhibited a significant linear correlation between total
N accumulation and Pn (Figure 4) for both the N1 and N2 groups in 2017 and 2018.
The R? value between total N accumulation and Pn was 0.97 and 0.80 in the N1 group in
2017 and 2018, respectively, 0.91 and 0.95 in the N2 group in 2017 and 2018, respectively.
Similar to the total N accumulation, the total P accumulation also had a significant linear
correlation with Pn. The R? value between total P accumulation and Pn was 0.80 and 0.81
in the N1 group in 2017 and 2018, and 0.88 and 0.83 in the N2 group in 2017 and 2018.
High positive linear correlations also occurred between Pn and tomato yield. The R? value
between Pn and tomato yield was 0.95 and 0.88 in the N1 group in 2017 and 2018, and 0.96
and 0.97 in the N2 group in 2017 and 2018.
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Figure 4. Relationship between total N accumulation and Pn (a,b), total P accumulation and Pn (c,d), and Pn and tomato
yield (e, f) in 2017 and 2018. *, **, ***represents significant correlations at the p < 0.05, p < 0.01, p < 0.001 level.

3.6. PCA Analysis for Nutrient Uptake, Photosynthetic Traits and Tomato Yield

Principal component analyses results (Figure 5) showed that PC1 and PC2 explained
92.71% of the total variation in 2017 and 94.46% of the total variation in 2018. Among them,
PC1 explained 67.31% and 56.20%, while PC2 explained 25.40% and 38.26% in 2017 and
2018, respectively. All of the N1 and N2 treatment combined with C0, C10 and C90, located
at the left side of the y axis. All the N1 and N2 treatments combined with C30, C50 and
C70, located at the right side of the y axis, and the parameters N, P, Pn, gs, Tr, chlorophyll a,
b, a + b and yield were also located at the right side of the y axis. This indicated that CO,
C10 and C90 treatments limited the capacity of nutrient uptakes, photosynthetic traits and
tomato yield, while C30, C50 and C70 had a significant positive effect on the capacity of
nutrient uptakes, photosynthetic traits and tomato yield.
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Figure 5. Principal component analyses of the nutrient uptake, photosynthetic pigments, gas exchange
parameters and tomato yield in response to biochar and N application in 2017 (a) and 2018 (b).

4. Discussion
4.1. Effect of Biochar on Nutrients Uptake (N and P) of Tomato Plants

This study showed that biochar application can significantly increase the accumulation
and uptake of N and P in tomato plants (Figures 1 and 2). This may be because biochar
affected the soil environment and the physicochemical properties of the soil [40]. It has
been reported that biochar can promote the hydrolysis reactions of urea fertilizer and the
transformation of N by affecting urease activity [36]. Moreover, the use of biochar can
promote phosphatase activity and increase the available phosphorus content in the soil [41].
These significantly improve the nutrient supply capacity for tomato plants. Additionally,
biochar increased the nutrient holding capacity [42]. The abundant surface area of biochar
was valuable for adsorbing nutrients and prolonging the retention time of nutrients, which
also promoted the nutrient absorption of tomato plants. It is necessary to mention that N
excess may exacerbate unbalanced vegetative plant growth [30], which should be taken
into account when biochar amendment is applied together with N.
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4.2. Effect of Biochar on Chlorophyll Content and Gas Exchange Parameters of Tomato

Leaf chlorophyll content and leaf gas exchange intensity directly determine the photo-
synthetic characteristics of plants [43]. Photosynthetic characteristics of plants are mainly
affected by changes in soil environment, moisture and nutrients [44]. Some studies have
shown that biochar has the potential of improving the photosynthetic capacity of crop
leaves [45,46]. Our study found that adding biochar to the soil significantly increased leaf
gas exchange parameters (Table 2) and leaf chlorophyll content (Table 3), thus the photo-
synthetic characteristics of tomato leaves were significantly improved. The reason may be
due to the ability of biochar in changing the soil environment and further enhancing the
nutrients uptake by tomato plants, and this resulted in the enhancement of photosynthetic
rate [47]. Previous studies also exhibited that the leaf chlorophyll content is significantly
affected by plant nutrient content [48], which supports our study. Our study showed a
significant positive correlation between total N and P accumulation and Pn (Figure 4),
which meant that biochar enhanced tomato photosynthetic characteristics by increasing
tomato plant N and P accumulation. Similar to Pn, biochar application also increased
gs and Tr. Apart from the reason of nutrient uptake, this increase may be also relevant
to the water-holding capacity and physical properties of biochar [49]. In this study, we
also demonstrated that applying higher biochar (e.g., C90) reduced the content of these
parameters; that is to say that excessive biochar is not beneficial for improving the photo-
synthetic traits of tomato plants. A high application rate of biochar might limit nutrient
accumulation, such as N and P, and then the high ratio of C/N could lead to nitrogen
immobilization [50], which decreased the leaf photosynthesis of tomato plants. Therefore,
a certain amount of biochar application can improve nutrient uptake by tomato plants and
further enhance leaf photosynthesis.

4.3. Effect of Biochar on Tomato Yield

In this study, biochar application significantly increased tomato yield (Figure 3). Pho-
tosynthetic characteristic is one of the most important factors in increasing crop yield [51].
Figure 4 exhibited a significant positive correlation between Pn and tomato yield, which meant
that biochar can increase tomato yield by improving the photosynthetic characteristics of tomato
plants. This was reinforced by other studies [46]. Moreover, different biochar application
rates had different effects on different crops. Chan, et al. [52] demonstrated that the yield of
radish increased by 266% when 100 t ha—! biochar was added. Blackwell, et al. [53] found that
adding 1 t ha~! of biochar could significantly increase wheat yield. However, Asai, et al. [50]
exposed that the yield of rice was significantly reduced when the applied biochar was more than
16 tha~!. In this study, 50 t ha~! biochar resulted in the highest tomato yield for both the N1 and
N2 application groups. Lévesque, et al. [25] also reported that adding 5-15% biochar increased
tomato yield by up to 32% in a peat-based growing medium. On the contrary, Vaccari, et al. [28]
argued that adding 14 t ha~! biochar did not increase the yield of processing tomato; similar
conclusions can be found in Massa, et al. [27]. The reason for these differences was not only due
to crop species but also caused by the types of biochar, strategy of biochar and N application,
soil characteristics, stress conditions, environmental changes and test area etc. Moreover, the
tomato yield showed a trend of first increasing and then decreasing as the applied biochar
increased in this study. The excessive biochar (e.g., 90 t ha—!) led to nutrient immobilization and
reduced the nutrient accumulation in the plant, which was not conducive to the photosynthetic
characteristics of the plant and led to a lower yield [46]

Finally, it is worth mentioning that the amount of applied nitrogen fertilizer can be
significantly reduced without reducing the tomato yield when a certain amount of biochar
was introduced (Figure 3). Similar patterns can be observed for nutrient uptake, gas
exchange parameters and photosynthetic pigments. Zhu, et al. [54] and Guo, et al. [36] are
in accordance with our results. Generally, a significant reduction of N supply has a negative
effect on tomato yield [29], even though it was recently reported that the effect may differ
depending on the growing stages that the reduction was imposed [31]. When biochar
was added into the soil, it increased the retention of available nitrogen and promoted
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the conversion of nitrogen by affecting soil microbial characteristics, which meant that
reducing a certain amount of applied nitrogen fertilizer may not affect the conversion rate
of nitrogen significantly when a certain amount of biochar was added. However, excessive
reduction of nitrogen fertilizer may lead to a systematic insufficiency of nitrogen in tomato
plants and result in a loss of yield.

5. Conclusions

Biochar application has a significant positive effect on the nutrient uptake, photo-
synthetic traits and tomato yield. The highest gains of most parameters occurred at C50
(50 t ha™!) biochar application rate. C50 significantly improved the nutrient uptake by
tomato plants and further enhanced the photosynthetic traits of tomato leaves, which
led to the highest gains in tomato yield. In this case, more than 50% increase of yield
was achieved even though the applied nitrogen fertilizer was significantly reduced (from
250 kg ha~! to 190 kg ha~!). The results agree with our proposed hypothesis. As a conclu-
sion, 50 t ha~! biochar and 190 kg ha~! nitrogen fertilizer were recommended as a proper
choice for local farmers. The results will clearly enhance the understandings about the
effect of biochar on photosynthesis and tomato yield and be of importance for practical
agricultural management. This research is limited to a specific type of biochar and soil.
However, different types of biochar may have diverse effects on tomato, and varieties of soil
may also lead to significant differences in the results. It will be interesting to investigate the
effects of biochar varieties and soil varieties on the photosynthetic traits of tomato plants
and tomato yield. Moreover, a wider range of parameters and their complex relations
could be studied to deeply understand the response mechanism of photosynthesis and
tomato yield to biochar addition in the future.
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