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Abstract

:

Since plug seedling plays a key role in automatic transplanting, this work aimed to explore the effect biochar has on the root growth of plug seedlings. The physicochemical properties tests showed that the addition of biochar in the peats could increase the porosity, pH, and EC values of the substrate, and the substrates treated with 0%, 10%, 20%, and 30% biochar could meet the requirements of seedling raising. The water retention of the substrate was superior with the increase of biochar proportion, and the nitrogen release significantly decreased with the increase of the biochar proportion. Our results demonstrated that the substrate with 10% biochar-treated apparently promoted the growth of seedlings and root systems, even the length of the root-tip cells. However, the substrates with 40% and 50% biochar-treated obviously inhibited the growth of seedlings and root systems. It was noticed that the strength of substrate with appropriate biochar proportion was enhanced, as well. Under the interaction of strong root system and solid substrate, the compressive strength of the substrate with 20% and 10% biochar-treated was much better than others, especially that of 40% and 50% biochar-treated, which efficiently satisfied the requirements of automatic seedling picking. The biochar may have a good application prospect in seedling raising.
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1. Introduction


Seedling transplanting technology can extend the growth period of crops and significantly increase the yield, and about half of the cash crops use this technology now [1]. The automatic pick-up device has developed rapidly in order to cooperate with seedling transplanting technology to achieve higher economic benefits. However, most of the pick-up devices are still in the experimental stage because the mechanical characteristic of the seedling is difficult to meet the requirements of automatic seedling picking [2,3,4]. Besides, the success ratio of seedling picking is low and the seedling substrate is easily damaged during the seedling picking process if the mechanical characteristic of the seedling is not good, especially when picking at a high speed, so it is important to cultivate the seedlings with good mechanical properties which can meet the requirements of the high-speed picking [5,6].



In order to solve this problem, researchers and scientists have made great efforts in this area. Yang proposed that root system was the key to bind loose substrate and also the main stress object in the process of seedling picking [2], and Ting suggested that adding rock wool with better fiber structure into substrate would improve the binding ability of root system [7]. Petronela mixed the secondary cellulosic fibers, peat, and additives as the substrate to raise the seedlings, which promoted the growth of root system and enhanced the mechanical properties of the substrate [8]. In order to reduce the seedling damage in the process of mechanical transplanting, Kumar used the paper pot to raise the seedling, which was composed of 25% vermicompost and 75% soil and sand [9]. By using the substrate based of peatmoss and coir, Min found that peatmoss could improve the cohesion of root system and substrate [10]. Different from other scholars, Qu used the hydrolyzed soy protein modified urea formaldehyde resins as the substrate, which could promote root growth and ensure the mechanical properties of the substrate at the same time [11], but this research used a chemical way to forcibly bond the substrate, which lacked the test of adaptability to automatic seedling picking.



Biochar is a carbon-rich product obtained by pyrolysis of corncob, straw, peanut shell and other biomass [12,13], and it is a good medium for soil improvement, which can promote the growth of plants [14]. Previous studies pointed out that biochar had the following remarkable functions: (1) It can reduce soil density and bulk density [15], (2) it can improve soil pH [16] and enhance the cation exchange capacity (CEC) in soil [17], (3) it can improve soil porosity, so as to enhance water and fertilizer conservation performance [18,19], (4) it has a large specific surface area, so the C/N ration of soil will be increased, so as to improve the absorption capacity of nitrogen and other nutrient elements [20,21], and the large surface area will promote the growth of microorganisms [22]. Today, most of the substrate used for plug seedling raising were composed of peat, vermiculite and perlite, and previous research proposed that this kind of substrate had relatively good mechanical properties [23], but the cost of this substrate was high and some farmers were reluctant to use this substrate. Li’s research proposed that the application of a certain proportion of biochar in the soil can promote the growth of cucumber root system [24]. The results that biochar promoted plant growth, however, were all from field experiments, while few experiments were done to explore whether biochar can promote the growth of seedlings which raised in the plug tray.



In view of the various excellent characteristics of biochar, pine-wood derived biochar was prepared via pyrolysis, and the influence of the prepared biochar existing substrate on promoting the root growth of plug seedlings was investigated. Besides, we will carry out the experiments to test the plug seedlings which were raised by the mixed substrates and find out the appropriate proportion of the substrate considering the requirements of seedling picking and production cost. This research will provide some basis for the current automatic seedling picking technology.




2. Materials and Methods


2.1. Materials


The crops tested in this study are “Jinyou 1” cucumber seedling (provided by cucumber research institute in Tianjin Academy of Agricultural Sciences, Tianjin, China), the substrate used in this study is composed of peat, vermiculite, perlite, and self-made biochar in a certain proportion, and the seedlings are raised in the 72-hole plastic plug tray widely used in China now. Pine pellet was purchased from Tianxu Energy Co., Guangzhou, China.




2.2. Preparation of the Biochar


Pine pellet was used as feedstock. The biochar was pyrolyzed by a tube furnace reactor, and a certain amount of pine pellet was added to the quartz boat; nitrogen was purged for 15 min at a flow rate of 50 mL/min before the reaction so as to obtain an oxygen free condition; the pine pellet was heated from room temperature to 550 °C at a heating rate of 55 °C/min and then held at 550 °C for 1 h, and nitrogen was purged throughout the process. Biochar was obtained when the reaction temperature decreased to room temperature.




2.3. Preparation of the Substrates


The previous substrate was mixed with peat, vermiculite, and perlite in the proportion of 3:1:1 [23], and then mixed with the prepared biochar as the new substrate. As shown in Supplementary Figure S1, preliminary tests showed that too much biochar would inhibit the growth of crops (the substrate was composed of 100% biochar, and the seedling had been growing for 15 days), so the following substrate mixtures were used: previous substrate with 0% biochar-treated (as a control group), 10% biochar-treated, 20% biochar-treated, 30% biochar-treated, 40% biochar-treated, and 50% biochar-treated by weight, and the substrate with different proportions were represented by T0, T1, T2, T3, T4, and T5, respectively.




2.4. Physicochemical Properties of the Substrates


Determination of bulk density: After the substrates prepared with different proportions were configured, samples were taken immediately with the ring cutter, and we weighed the ring cutter filled with the substrate as soon as possible. At the same time, the aluminum box was used for sampling in the same substrate to determine the mass moisture content, so we can easily get the bulk density as


  B D =    m 1  −  m 2    V ⋅  (  1 + ω  )    ,  



(1)




where BD means bulk density, g/cm3; m1 is the weight of ring cutter filled with the substrate, g; m2 is the weight of the ring cutter, g; V is the volume of ring cutter, cm3; and ω is the mass water content of the substrate sample, g/kg.



Determination of porosity: firstly, a certain amount of the prepared substrate was weighed after being soaked in the water for 24 h; then we put the wet substrate in the gauze, and let it drain freely for 24 h, after that, we moved it from the gauze and weighed it; finally, the substrate was put into the oven to dry to constant weight at 105 ℃, so we got the porosity as


   {    A P =    W 1  −  W 2   V  × 100 %     W P =    W 2  −  W 3   V  × 100 %     P = A P + W P     V R =   A P   W P       ,  



(2)




where AP is aeration porosity; WP is water-holding porosity; P is whole porosity; VR is void ratio; W1 is the weight of the sample which was soaked for 24 h, g; W2 is the weight of the sample which was drained freely for 24 h, g; W3 is the weight of the sample which was baked into a constant weight, g; and V is the volume of the sample, g/cm3.



Determination of pH and EC value: 50 g substrate was taken out as a sample from each substrate, which was crushed and put into the breaker; then, distilled water was used to wet the sample to keep their water content around 55%. After placing the sample for 24 h, we weighed 25 g wet sample in the beaker and poured in 50 mL distilled water; then, we put the beaker into the oscillator and let it work for 1 h, after which we filtered the sample to get the filtrate, where AZ-8601 and AZ-8303 (RS232) were used to determine the pH and EC values of the substrate, respectively.




2.5. Water Retention and Nitrogen Release of the Substrates


Previous research showed that water and nutrients were two important factors which would affect the growth of the plants [25], so some tests were arranged to find out the water retention and nitrogen release of the new substrate. In order to ensure the accuracy of the test, the incubator with constant temperature, illumination and humidity (Supplementary Figure S2b; made by Shuolian Co., Hangzhou, China) was used for cultivation in this research. Previous study also showed that the suitable temperature for cucumber growth was 18 °C~28 °C, the illumination which the cucumber seedling needed every day must be 8 h~10 h, and the humidity should be controlled at 60~80% [26], so we set the parameters of the incubator as shown in Supplementary Figure S2c. Based on 24 h a day, parameters were set in two stages: day and night. The time period marked 01 simulated the day stage, the temperature was set to 25 °C, the light intensity was level 3, and the duration of illumination was 11 h; The time period marked 02 simulated the night stage, the temperature was set to 20 °C, the light intensity was level 0, and the duration was 13 h.



Determination of the water retention: The seedlings used in our research were raised in the plastic plug trays, in order to simulate the change of water content during the actual growth of seedlings as much as possible; we filled the new substrate with a certain quality into the plug tray to determine its water retention. The 72-hole plug tray was divided into three parts, and each part has 18 holes. As shown in Supplementary Figure S2a, we filled same quality substrates with different treatment into each hole and weighed the quality of each part separately, put them into the water to absorb enough water and weighed each part again, and, finally we put them into the incubator for cultivation. After that, we measured the weight of each sample once every day and repeated twenty times, so as to calculate the water retention of substrate in different proportion.



Determination of the nitrogen release: the soil column leaching method [27] and UDK 159 automatic Kjeldahl azotometer (made by VELP Co., Milan, Italy) were used in the experiment. We chose transparent PVC pipe with the height of 300 mm and the diameter of 40 mm as the leaching column, and 150 mesh nylon net was used to seal the bottom of PVC pipe. By using quartz sand as leaching medium, we added 60 mm quartz sand (1 mm~2 mm) at the bottom of the pipe; then, we mixed 20 g substrate sample with 20 g quartz sand and added them into the pipe, after which we added 10 mm quartz sand again to prevent the disturbance of substrate layer when leaching, and, finally, we poured 50 mL distilled water into the pipe and sealed the top of the pipe by polyethylene film with some 1 mm holes. Besides, we also set a sample without substrate as a control (CK marked in Supplementary Figure S3a), and three repetitions were set for each sample, and all leaching columns were placed in the incubator (Supplementary Figure S2b) with 25 °C constant temperature treatment during the whole experiment. The leaching columns would be taken out on the 1st, 5th, 9th, 13th, 17th, and 21th day, respectively, and washed with 100 mL distilled water; then, 25 mL leaching liquid was collected and put into the centrifuge tube for total nitrogen determination. The steps of total nitrogen determination were as follows: first, 2 mL leaching liquid was taken out from the centrifuge tube and put into the digester tube [28]; second, 4 g catalyst (100 g K2SO4 + 10 g CuSO4 5H2O + 1 g Se) and 5 mL concentrated sulfuric acid were poured into the digester tube to mix with the leaching liquid; third, the digester tube was put in the digestion furnace for digestion; finally, the total nitrogen content in the leaching liquid was determined by automatic Kjeldahl azotometer (Supplementary Figure S3b).




2.6. Cultivation and Growth of the Seedlings


As well as putting the selected cucumber seeds in each hole of the tray, the substrates were filled with different treatment and put into six 72-hole plug trays according to the requirements of seedling cultivation [23]; after the substrates in each plug tray absorbed enough water, they were put into the incubator (Supplementary Figure S2b); all parameters were set according to Supplementary Figure S2c.



Cucumber seedlings were found to germinate in about three days, so the growth data of seedlings were measured from the seventh day after germination in order to get more accurate data, and then measured every four days, four times in total. The measurement methods of each index are as follows: (1) Emergence ratio, the proportion of the seedling emergence in one plug tray; (2) plant height, the distance from the surface of substrate to the highest growth point of the seedling, which was measured by ruler (0.1 mm) (Supplementary Figure S4a); (3) leaf exhibition, the distance between the tips of two leaves (Supplementary Figure S4b); (4) and root dry matter, the substrate in the seedling was washed completely and only retained the root system (Supplementary Figure S4c); then the absorbent paper was used to absorb excess water and put in the oven which was set at 105 °C for 15 min, after which the temperature would be reset to 80 °C, followed by keeping drying until the weight was constant; finally, precision electronic scale (0.0001 g) was used to get the weight of root dry matter.




2.7. Root System Analysis of the Seedlings


Physical parameters of roots: The length, diameter of main root, surface area, volume, and tip number of root system were mainly measured in this study. We used protective cleaning method [29] to wash and tidy the root system, then chose the Perfection V700 photo scanner (made by EPSON Co., Nagano, Japan) to scan the roots (Supplementary Figure S5b), and the WinRHIZO root analysis software (professional version) was used to process the root data.



Length of root-tip cells: In order to better display the growth of root system, histological method was used to analyze the root system and measure the length of root cells. First, we selected the suitable small root-tips from the washed roots, and the root-tips were made into paraffin block by paraffin embedding method, so that the root cell structure would not be destroyed (Supplementary Figure S5c); then, the paraffin blocks were put into the slicer to get the appropriate cell sample, and the cell sample was dyed by using saffron and fast green according to plant root-tip cell standard dyeing process; finally, we chose VHX-900F Superdepth Microscope (made by KEYENCE Co., Osaka, Japan) to scale the length of the cell.



Compressive strength: The mechanical properties of plug seedlings are the result of the interaction of root system and substrate, and the substrates with the root system are the main force part during seedling picking. As shown in Supplementary Figure S5a, we chose the WDW350005 electronic universal testing machine to determine the compressive capacity of the plug seedlings (23 days) suitable for transplanting. Actually, the shape of the seedling was similar to trapezoid cone platform, so a specially designed clamping apparatus was made to ensure that the pressed surface of the seedling was in horizontal state. Besides, Micro-CT technology was also used to scan and reconstruct the three-dimensional structure of the root system [30] in order to better describe the mechanical properties of the seedling.




2.8. Data Analysis


All experimental data were analyzed by using SPSS 23.0 and Excel 2016, and all data graphs were made by Origin 2018. Besides, the least significant difference (LSD) method was used for multiple comparisons of these data, and we used * (0.01 < P < 0.05) and ** (P < 0.01) to indicate whether there was remarkable difference between the different proportion of biochar and the control group (T0, 0% biochar-treated).





3. Results and Discussion


3.1. Effect of Biochar on Physicochemical Properties of the Substrate


Previous research showed that larger porosity would retain more air and water in the substrate, which could benefit the growth of root system [11]. As shown in Table 1, the addition of biochar significantly reduced the bulk density of the substrate, which resulted in a significant increase for the porosity of the substrate. The reason was that biochar had large specific surface area and porosity (Supplementary Figure S6), which was superior than in common peat, so the mixing of biochar and peat would greatly increase the porosity of substrates.



However, the porosity of substrate was not the bigger the better. Xia proposed that the bulk density and porosity of the substrate should be appropriate, so the substrate had the enough aeration porosity for the plants to ensure the efficiency of air exchange, and the water-holding porosity would be suitable at the same time so that the substrate could retain enough water for the plants to absorb [31]. In general, the suitable parameters of substrate for plant growth were bulk density at 0.1~0.8 g/cm3, whole porosity at 54~96%, and void ratio at 0.25~0.5 [32]. Based on Table 1, it was apparent that only the void ratio of T5 treatment was not within the above requirements.



As shown in Table 1, the addition of biochar significantly increased the pH and EC values of the substrate compared with the T0 treatment. Because of the special production process, the biochar was generally alkaline, so the pH value was higher with the increase of biochar content. Early research showed that the suitable pH value of substrates for seedling raising should be neutral (pH = 7) or slightly less than 7 [33], so the substrates with T4 and T5 treatments (especially T5 treatment) might reduce the growth of seedlings to some extent. EC value, another index, reflects the concentration of soluble ions in the substrate. Biochar could significantly increase the cation exchange capacity of the substrate, so the EC value of new substrate enhanced with the increase of biochar content. Previous research indicated that nutrition in substrate was not enough to maintain seedling growth if the EC value was too low, and the salt damage would be brought to the seedlings if the EC value was too high, the suitable EC value for seedling raising should be 0.5 mS/cm~2.75 mS/cm [33], so the EC value of all treatments in our research could meet the standard of seedling raising.




3.2. Determination of Water Retention and Nitrogen Release of the Substrates


After the substrates with different treatment absorbed enough water, the variation characteristics of water loss on 21 consecutive days were shown in Figure 1a. Actually, the larger the absolute value of the line’s slope was, the worse the water retention of the substrates would be.



The absolute value of the line’s slope (T0: 1.81, T1: 1.65, T2: 1.55, T3: 1.43, T4: 1.39, T5: 1.31) decreased with the increase of biochar content, which proved that the water retention of the substrate would be better if the proportion of biochar was higher. The reason was that the biochar has porous structure with large porosity, which could better store the water absorbed in the substrate [19], so that the water loss of substrate with biochar would be lower than the substrate without biochar. The average weight of each substrate with different treatment before water absorption in this experiment was 8 g, after absorbing enough water, the heaviest one was the substrate with T1 treatment (39.637 g), and the lightest one was the substrate with T5 treatment (30.463 g). As shown in the enlarged part of Figure 1a, the first substrate that dropped to 8 g was T5, and the last was T1, indicating that the substrate with T1 treatment had the best water retention in comparison with the substrates with other treatments. Besides, the substrate’s weight from the lightest to the heaviest on the 21th day was T0, T1, T2, T3, T4, and T5 in sequence, which meant initial moisture content of peat was much better than biochar, so the content of biochar in the substrate was not the more the better. To sum up, adding a certain proportion of biochar in the substrate significantly increased the water retention of the substrate.



As shown in Figure 1b, the nitrogen release of the substrates first increased and then decreased along with the increasing of seedling raising days, and the nitrogen release decreased obviously with the increase of biochar content. The nitrogen release of the substrates reached the maximum value on the 5th day, and gradually decreased to a stable level. The nitrogen release of the substrates with T0 and T1 treatment was much more than others, but the nitrogen release of the substrates with T4 and T5 treatment was the least compared with others. The reason was that the biochar had a large specific surface area, which could better absorb the nitrogen and other nutrient elements [20,21], so the nitrogen release would decrease with the increase of the proportion of the biochar in substrate. Besides, the growth cycle of plug seedling for automatic transplanting was generally short (20~25 days), and the seedlings require enough nutrient to grow, so the growth of plug seedling would be significantly promoted with more nitrogen release in a short time.




3.3. Effect of Biochar on the Growth of the Seedlings


As shown in Figure 2a, the growth states showed great differences among 19-day-old cucumber seedlings raised in different substrates, indicating that the proportion of biochar was not the more the better. The substrate with T1 treatment clearly promoted the growth of the seedlings, and the seedling raised in the substrate with T2 treatment was almost the same as that in T0 treatment, but the seedlings raised in the substrates with T4 and T5 treatment were the worst in comparison with that in other treatments, especially the T5 treatment. To find out the possible factors of biochar affecting seedling growth, the emergence ratio, plant height and leaf exhibition of the seedlings were measured (Figure 2b–d).



As shown in Figure 2b, emergence ratio of the substrate with T1 treatment was much greater than others in this experiment, and all cucumber seeds have sprouted in this substrate. Besides, the emergence ratio of the substrates with T0 and T2 treatment were slightly lower than T1 treatment, 97.22% and 96.94%, respectively, and almost all the seeds have sprouted in these substrates. However, the emergence ratio just reached 88.89% and 86.11%, respectively, when the seeds raised in the substrates with T4 and T5 treatment, and these seeds sprouted one or two days later than others.



Plant height was of great importance to the substrate with T1 treatment because the substrate with 10% biochar-treated resulted in higher plant height compared with other treatments (Figure 2c). The plant height of seedlings raised in the substrates with T0 and T2 treatment was almost the same at any growth period, and the plant height of seedlings raised in the substrates with T0 treatment was slightly better than that in T2 treatment, but their plant heights were much lower than that in T1 treatment. The plant height of the seedlings, however, raised in the substrates with T4 and T5 treatment was the worst, and the plant height did not change significantly during the whole test period.



Leaf exhibition (11~19 days) showed a significant difference in the substrate with T1 treatment because seedlings got a longer leaf exhibition in the substrate with 10% biochar-treated (Figure 2d). The leaf exhibition of seedlings raised in the substrates with T0 and T2 treatment was almost the same at any growth period, which was much lower than that inT1 treatment. As the proportion of biochar in the substrate increased, the leaf exhibition of seedlings became shorter on the same day, and the leaf exhibition of the seedlings raised in the substrates with T5 treatment was the shortest compared with others.



These test results indicated that the substrate with 10% biochar-treated could significantly promote the growth of seedlings, and seedlings raised in the substrate with 20% biochar-treated were almost the same as the control group (T0 treatment). The reason was that the addition of biochar in proper proportion could significantly improve the physicochemical properties of the substrates, and the nitrogen release was much better than others, which could promote the growth of the seedling. The proportion of biochar in the substrate, however, was not the more the better; the seedlings could not grow well, especially when the proportion of biochar in the substrates reached 40% and 50%. The reason was that some of the physicochemical properties of the substrates with T4 and T5 treatment were not suitable for seedling growth, and the nitrogen release of these two substrates was the least, which was detrimental to the growth of seedlings.




3.4. Growth Status on the Root System of the Seedlings


The last experiment confirmed that 10% biochar-treated had a significant impact on promoting the growth of seedlings, and the parameters of root systems of the seedlings raised in different substrates were shown in Table 2, which also shows a significant difference in the substrate with T1 treatment. The parameters of root systems raised in substrates with T0 and T2 treatment were almost the same and were much lower than that in T1 treatment. Besides, the parameters of root systems raised in substrates with T4 and T5 treatment were the worst compared with that in other treatments.



The total length of the root and the weight of root dry matters were two important parameters to judge root growth [34], so we selected these two parameters in order to better describe the effect of substrates with different biochar treatment to root systems. The root systems of the 19-day-old seedlings were washed carefully, and, finally, the roots were put on the paper after excess water of them was absorbed (Figure 3a). We found that the seedling raised in the substrate with T1 treatment got the strongest root system, and the root system of the seedlings raised in the substrate with T0 and T2 treatment were almost the same which were weaker than that in T1 treatment. However, the root system of the seedlings raised in the substrate with T4 and T5 treatment were the worst in comparison with that in other treatments.



As shown in Figure 3b, the total root length of the seedlings raised in the substrate with T1 treatment (11~19 days) was much better than other treatments, and the total root length of the seedlings was the most obvious on the 15th day. The root length raised in T2 treatment was almost the same as that in T0 treatment, and all of them were lower than that in T1 treatment. However, the root length raised in T4 and T5 treatment were much shorter than that in other treatments, which even reduced the growth of the root system compared with T0 treatment.



As shown in Figure 3c, the weight of root dry matter increased faster as time goes by, and the weight of root dry matter did not show a significant difference between 7th day and 11th day, but the weight of root dry matter raised in T1 treatment was much better than that in other treatments from 15th day, and the weight of root dry matter decreased from T1 treatment with the increase of biochar proportion in the same period. Besides, the weight of root dry matter raised in T2 treatment was slightly higher than that in T0 treatment. However, the weight of root dry matter raised in T4 and T5 treatment was the lightest in comparison with that in other treatments, especially on 19th day, which indicated that the substrates with 40% and 50% biochar-treated would inhibit the growth of seedling roots.



Yang proposed that a certain proportion of biochar-extracted liquor could also promote the length of the cells [34], so we selected some root-tips to measure the length of the cells by using VHX-900F Superdepth Microscope. As shown in Figure 4a, we took the photo of the root-tip cells at the scale of 100 μm, randomly selected the cells from five parts, and measured their average length which was shown in Figure 4b. The seedlings raised in T1 treatment have greatly enhanced the cell length compared with T0 treatment (P < 0.05), and the cell length raised in T2 treatment was slightly longer than that in T0 treatment, but cell length raised in the substrates with T3, T4, and T5 treatment significantly reduced. This test also proved that appropriate proportion of biochar could promote the growth of seedling’s root system.




3.5. Growth Status on the Root System of the Seedlings


The end-effector is the main part of the transplanter to realize automatic transplanting, and most end-effectors equipped in the transplanter now are installed with some pins to clamp and pick out the seedlings from the plug tray [6]. Compressive strength of the substrate, as an important index, directly affects the damage rate of plug seedlings [23].



Previous research proposed that the root system could bind the loose substrate together, which was the main stress object when seedling picking [2], so the better root system would bring better compressive strength. In order to better describe the effect on compressive strength of substrates with different biochar-treated, Micro-CT technology was used to restructure the 3D image of the root systems. The seedlings, as shown in Figure 5, raised in the substrates with T0, T1, and T2 treatment had better root structures, and the root systems were strong enough to grow around the substrate, so the substrate could be bound more tightly by the root system. The seedlings raised in the substrates with T3, T4, and T5 treatment, however, got poor root structures, and there was no root in some locations of the substrate, so the root systems were weak and the substrate would be loose.



As shown in Figure 6, different proportions of biochar could greatly affect the compressive strength of the substrate. Zhang proposed that the addition of biochar could highly improve the mechanical properties of the compound body [35]; thus, theoretically, adding more biochar could bring better mechanical properties to the substrate, but the mechanical property should be the result of the interaction of substrate and root system.



The substrate with T2 treatment got the best compressive strength (48.1 N), and compressive strength of the substrate with T1 treatment (44 N) was slightly lower than that in T2 treatment, which was much greater than other substrates. The reason was that the root system was strong enough to bind the substrate tightly in both seedlings raised in the substrate with T1 and T2 treatment, and the addition of the biochar could enhance the mechanical property of the substrate, so the compressive strength of these two substrates was better than that of other substrates. Besides, the proportion of biochar in the substrate with T2 treatment was more than that in T1 treatment, so the compressive strength of the substrate with T2 treatment was better than that in T1 treatment. Although the root system in the substrate with T0 treatment was strong, too, the compressive strength was just 33 N, which was even a bit lower than the substrate with that in T3 treatment (33.9 N) without the addition of the biochar. When the proportion of biochar in the substrate reached 40% and 50%, the compressive strength decreased to the minimum value 25.5 N and 21.3 N, respectively. The reason was that although the proportion of the biochar in these substrates was large, the root systems in the substrates with T4 and T5 treatment were really weak, so the substrate could not be bound tightly, which resulted in poor compressive strength. To sum up, the substrates with T1 and T2 treatment could bring better compressive strength to the seedlings, which met the requirements of the end-effectors to clamp and pick the seedlings.





4. Conclusions


On the basis of seedling raised by substrate with peats, we attempted to find out the effect of the biochar added in peats on the growth of seedlings by testing the properties of the substrates, growth status of the seedlings, parameters of root systems, and compressive strength of the substrates. With the addition of biochar, the pH and EC value of the substrate increased significantly, as well as the aeration porosity and the water holding porosity of the substrate. The analysis showed that the substrates with 0%, 10%, 20%, and 30% biochar-treated could theoretically meet the requirements of seedling raising, but the substrates with 40% and 50% biochar-treated reduced the growth of the seedlings to some extent. The water retention of the substrates could significantly increase with the addition of a certain proportion of biochar in the substrate, and the nitrogen release would obviously decrease with the increase of the biochar in the substrate. The growth test results indicated that the substrate with 10% biochar-treated could evidently promote the plant and root growth, even the length of the root-tip cell, but the substrate would inhibit the growth of the seedlings with the increase of biochar proportion, especially when the biochar proportion reached 40% and 50%. Under the joint action of strong root system and solid substrate, the compressive strength of the substrates with 20% and 10% biochar-treated was much better than the substrates with other treatment, which well met the requirements of the seedling picking by the effectors. However, the compressive strength of the substrates with 40% and 50% biochar-treated were the worst in comparison with that in other treatments. To sum up, a certain proportion of biochar could not only promote the growth of plug seedlings but also enhance the strength of the substrate, and it may have a good application prospect in seedling raising.
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Figure 1. Water retention and nitrogen release of different substrates. (a) Water retention of different substrates; (b) nitrogen release of different substrates. 
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Figure 2. Growth parameters of the seedlings raised in different substrates. (a) Seedlings have been growing for 19 days; (b) emergence ratio of the seedlings; (c) plant heights of the seedlings; (d) leaf exhibitions of the seedlings. 
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Figure 3. Analysis of the root systems raised in different substrates. (a) Washed roots of the seedlings; (b) total lengths of roots in the seedlings; (c) weight of root dry matters of the seedlings. 
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Figure 4. Analysis of root-tip cell length of the seedlings raised in different substrates. (a) Root-tip cells under the microscope at the scale of 100 μm; (b) different root-tip cell lengths treated with biochar of different proportions. 






Figure 4. Analysis of root-tip cell length of the seedlings raised in different substrates. (a) Root-tip cells under the microscope at the scale of 100 μm; (b) different root-tip cell lengths treated with biochar of different proportions.



[image: Agronomy 10 01080 g004]







[image: Agronomy 10 01080 g005 550] 





Figure 5. Three-dimensional reconstruction image of the root system. 
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Figure 6. Compressive strength of the seedlings raised in different substrates. 
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Table 1. Physicochemical properties of the substrates with different treatment.
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	Samples
	Bulk Density/(g·cm−3)
	Aeration Porosity/%
	Water-Holding Porosity/%
	Whole Porosity/%
	Void Ratio
	pH Value
	EC/(mS·cm−1)





	T0
	0.243 a
	43.79 e
	18.89 e
	62.67 f
	0.431 c
	6.02 f
	0.752 f



	T1
	0.215 b
	50.39 d
	21.94 d
	72.34 e
	0.435 c
	6.23 e
	0.959 e



	T2
	0.2 c
	51.65 c
	23.57 c
	75.23 d
	0.456 b
	6.45 d
	1.008 d



	T3
	0.185 d
	52.64 b
	24.18 c
	76.82 c
	0.459 b
	6.71 c
	1.047 c



	T4
	0.171 e
	53.33 b
	25.03 b
	78.36 b
	0.469 b
	7.02 b
	1.128 b



	T5
	0.159 f
	55.41 a
	27.82 a
	83.24 a
	0.502 a
	7.29 a
	1.175 a







Note: The data in the table are the average value of different substrates after repeated processing, and different letters in the same column indicate that the value is significant when P < 0.05 by least significant difference (LSD) multiple comparison method, the same as below.
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Table 2. Parameters of root systems in the seedlings raised in different substrates.
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Parameters of Root Systems

	
Time (Days)

	
Samples




	
T0

	
T1

	
T2

	
T3

	
T4

	
T5






	
Total length (cm)

	
7

	
41.214

	
47.006

	
39.773

	
35.409

	
30.244

	
28.012




	
11

	
66.030

	
80.251

	
64.187

	
38.065

	
33.063

	
32.319




	
15

	
98.238

	
120.555

	
95.546

	
76.725

	
57.811

	
55.360




	
19

	
121.803

	
142.415

	
119.612

	
85.005

	
70.067

	
69.128




	
Surface area (cm2)

	
7

	
4.817

	
5.938

	
4.797

	
4.547

	
3.598

	
3.388




	
11

	
8.773

	
10.006

	
8.365

	
6.839

	
4.486

	
3.957




	
15

	
15.462

	
19.018

	
14.024

	
10.757

	
7.323

	
6.953




	
19

	
20.010

	
24.857

	
19.638

	
13.850

	
8.712

	
8.696




	
Average diameter (mm)

	
7

	
0.447

	
0.503

	
0.436

	
0.381

	
0.357

	
0.344




	
11

	
0.506

	
0.594

	
0.480

	
0.426

	
0.405

	
0.386




	
15

	
0.581

	
0.699

	
0.559

	
0.489

	
0.431

	
0.417




	
19

	
0.656

	
0.771

	
0.629

	
0.537

	
0.455

	
0.424




	
Total volume (cm3)

	
7

	
0.061

	
0.0795

	
0.0605

	
0.046

	
0.0345

	
0.033




	
11

	
0.105

	
0.158

	
0.102

	
0.089

	
0.077

	
0.075




	
15

	
0.203

	
0.24

	
0.206

	
0.154

	
0.129

	
0.126




	
19

	
0.254

	
0.295

	
0.241

	
0.205

	
0.168

	
0.157




	
Total tips

	
7

	
226

	
249

	
226

	
184

	
163

	
154




	
11

	
409

	
534

	
364

	
327

	
187

	
182




	
15

	
791

	
1030

	
730

	
619

	
461

	
430




	
19

	
904

	
1139

	
851

	
736

	
611

	
551
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