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Abstract

:

A reasonable main branch opening angle can improve the canopy light environment of a tree, change the direction of nutrient transport, and promote the formation of flower buds. In this experiment, 3-year-old ‘Lu Hong 618’ was used as the test material to study the effects of different main branch opening angles (three treatments: 45°, 65°, and 85°) on the canopy light distribution, canopy characteristics, fruit quality, and flower bud quality of ‘Y’-shaped peach trees. The main findings were as follows: the solar energy utilization in the canopy varied greatly between different main branch opening angles, with the best relative light intensity of the canopy at 85°. In addition, the canopy light distribution on photosynthesis was more reasonable at 85°, and the daily variation range of CO2 concentration in the inner canopy was the greatest, which facilitated ventilation and light penetration in the inner canopy. With the increase in the main branch opening angle, the new growth of peach trees and the growth of the main branch trunk were inhibited. A reasonable branch opening angle results in good branch structure and leaf morphology. Leaf stomatal morphology and the soluble sugar and starch contents at different levels of the canopy are influenced by canopy light, and higher levels of canopy light can significantly increase the stomatal size and improve the leaf photosynthetic capacity, SPAD value, and soluble sugar and starch contents. With the increase in the main branch opening angle, C/N tended to increase. In addition, the distribution pattern of fruit quality in the canopy was similar to that of light distribution. In the same fruiting part, the fruit quality was higher at 85° and 45° than at 65° and slightly higher at 85° than at 45°, but the difference was not significant. The effects of different main branch opening angle treatments on the fruit weight, flesh firmness, soluble solids, and titratable acid were more significant. The 85° pulling angle effectively increased the light intensity of the different canopy layers of the peach trees and promoted the accumulation of nutrients. An 85° pulling angle can be used as a more suitable pulling angle for peach tree shaping cultivation.
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1. Introduction


Peach (Prunus persica (L.) Batsch) is a large-growing, heliophilous plant, but its effective economic cultivation period is short, so it is important to improve the yield and economic efficiency of peach trees per unit area [1,2]. In the context of rapid economic development, in order to save human, financial, and material resources in orchard management and to reduce labor costs to achieve high-quality and efficient production, orchard production and management modes have begun to change, and dwarf anvil dense planting has gradually become the mainstream. Driven by this cultivation mode, the traditional branch bending angle pruning technique has become more widely adopted [3,4,5]. Many horticultural experts in China and overseas have studied the effect of changes in a tree shape on fruit products [6,7,8,9,10,11,12].



The bending of branches is a practical way to reduce nutrient growth and enhance light interception in the canopy, thus improving fruit yield and quality [13,14]. In ‘Fuji’ apple trees, the bending of branches at a wide angle, especially at 135° to the central branch, increases the number of buds. In one study, branches were bent at an angle of 120°–150° relative to the central branch of each apple tree during the dormant season to assess tree growth and fruit productivity [15]. In other studies, the optimum bending angle of 90° for ‘Gala’ and 110° for ‘Fuji’ apples effectively increased the flower bud yield and C/N ratio, while the N content decreased with an increasing bending angle and also had a significant effect on endogenous plant hormones [16,17]. Tree structure and efficient management can also improve fruit quality and yield; these factors are related to light interception and also directly affect branch density and spatial distribution [18,19]. The spatial distribution of the canopy structure within the canopy includes horizontal structure and vertical structure. The horizontal structure usually has a significant effect on the fruit quality of the inner and outer canopy development [20,21]. For example, a good canopy structure can intercept high levels of light and increase apple tree productivity [22,23].



A reasonable opening angle of the main branches can improve the lighting conditions of the tree body, inhibit the growth of branches, change the direction of nutrient transport, affect the distribution and balance of endogenous substances such as hormones, and promote the formation of flower buds. However, the effects of different main branch opening angles on the canopy characteristics, light distribution, branch bud characteristics, and fruit quality of ‘Y’-shaped peach trees have rarely been reported. In this experiment, 3-year-old ‘Luhong 618’ was used as the test material to study the effects of different main branch opening angles on the canopy light distribution, canopy characteristics, fruit quality, flower bud quality, etc., of ‘Y’-shaped peach trees and to explore the optimal main branch opening angle, with a view to providing a theoretical basis for production practice.




2. Materials and Methods


2.1. Experimental Materials


This experiment was carried out at the Shandong Agricultural University experimental base, located in Tai’an city, Shandong Province, China (36°17′7459″ N, 117°16′7712″ E), in 2021. The test variety was ‘Lu Hong 618’, and the orchard soil was brown loam. The basic physical and chemical properties of the soil were as follows: alkaline nitrogen content, 79.98 mg/kg; fast-acting phosphorus content, 56.38 mg/kg; effective potassium content, 82.73 mg/kg; and organic matter content, 1.72 g/kg. The tree shape was a ‘Y’ shape, the tree was 3 years old, and the orchard spacing was 2 m × 5 m, with a north–south row direction. Normal management was undertaken in the field.




2.2. Experimental Design


We selected 15 three-year-old peach trees with roughly the same tree body indicators. We pulled the main branches to 45°, 65°, and 85° before flowering in March 2021. We divided the tree body into three parts: upper (UP), middle (MID), and lower (LOW), in the vertical direction. Single plant plots with five replications per treatment were used. When thinning the fruit during the young fruit stage, we ensured that the load of each peach tree was the same and would not affect the quality of a single fruit too much, resulting in a low proportion of high-quality fruits; we also ensured the fruit was not too small to avoid the chance of incorrect test results and to reduce test errors.




2.3. Determination of Flower Bud Quality


We collected full flower buds from the middle and periphery of the tree body, put them in a centrifuge tube, and quickly transported them to the laboratory. We then placed them in a 75 °C oven to dry to a constant weight. The dried sample was ground and crushed in a mortar. The H2SO4-H2O2 combined decoction method was used to decoct the sample, and after cooling, the capacity was fixed to a 50 mL volumetric bottle. The phosphorus content of the decocting solution was determined using the molybdenum blue colorimetric method. We placed 0.5 mL of the solution to be tested in a 10 mL centrifuge tube and then added 4.5 mL of deionized water and 5 mL of fixed phosphorus reagent. We sealed and mixed the solution well, kept it at 45 °C for 25 min, and then performed colorimetric analysis at a wavelength of 823 nm. The potassium content was measured using a flame spectrophotometer. We used a TOC/TN analyzer (Analytik Jena, German) to determine the total nitrogen and carbon contents.




2.4. Determination of the Leaf Photosynthetic Rate and Nutrients


The photosynthetic rate (Pn) was measured using a portable photosynthesis system (Ciras-3, PP SYSTEMS, Madison, WI, USA); with the use of the SPAD-502 Plus chlorophyll analyzer, we selected functional leaves that were fully developed in different parts of different treatments for measurement. The measurements were taken between 10:50 and 11:10 in the morning. Leaves from different parts of different treatments were picked in September, and then samples (2 g) were accurately weighed, ground until crushed, and homogenized in 10 mL of 70% ethanol. The samples were centrifuged at 24,150 g for 10 min. Soluble sugars were determined using the supernatant, and starch was determined using the residue. The soluble sugar content was determined as follows: we absorbed 0.5 mL of sample extract and added 0.5 mL of anthrone-ethyl acetate reagent and 5 mL of concentrated sulfuric acid. After full shaking, we put the sample in a boiling water bath and kept it warm for 1 min. After removal and cooling to room temperature, the absorbance value of the solution was measured at a wavelength of 630 nm. The starch content was determined as follows: we transferred the residue to a 50 mL volumetric bottle, added 10 mL of hot deionized water, put the solution in a boiling water bath for 15 min, and then added 2 mL of 9.2 mol/L perchloric acid. Extraction was performed for 15 min, followed by filtering with filter paper after cooling and adding deionized water to the volume. We withdrew 0.5 mL of sample extract, added it to the scale test tube, and then added 1.5 mL of distilled water, 0.5 mL of anthrone-ethyl acetate reagent, and 5 mL of concentrated sulfuric acid. The sample was fully oscillated in a boiling water bath, kept warm for 1 min, and then cooled to room temperature. Colorimetric measurements were taken at a wavelength of 630 nm.




2.5. Measurement of the Canopy Light Intensity


We chose sunny and windless days in late June and late August and used the L99-LX illuminance recorder (Hangzhou Luge Technology Company, Hangzhou, China) at 9:00 in the morning to perform multi-point measurements on the upper, middle, and lower parts of the canopy of ‘Luhong 618’ to increase the measured sample points as much as possible and increase the amount of data to reflect the completeness and authenticity of the canopy lighting conditions. We obtained the real-time direct solar light intensity during the measurement process as a control; the relative light intensity was calculated as the measured value of the light intensity at a certain point divided by the direct solar light intensity. In August 2021, a cloudy day without wind was selected to photograph the distribution of branches and leaves in the inner chamber of the canopy. A camera (Canon EOS R6) equipped with a fisheye lens was placed 60 cm above the ground, and photographs were taken with the lens facing upward. The pictures obtained showed the distribution of branches and leaves in the canopy of the peach trees.




2.6. Measurement of Canopy Characteristics


The canopy characteristics of the tree body were measured using an LAI-2200 canopy analyzer (LI-COR, Lincoln, NE, USA). With the trunk as the center of the circle, we took point A 20 cm above the highest point in the center of the tree and point B at 0°, 120°, and 240° below the periphery of the canopy. We chose cloudy weather or evening for measurements from June to October 2021. The measurement parameters included LAI, MTA, and DIFN. Each process was repeated five times. We used Beer’s law to calculate the extinction coefficient k.


  k =   l n ⁡ ( T P A R / P A R )   L A I    











TPAR is the instantaneous photosynthetic effective radiation measured at the bottom of the canopy; PAR is the instantaneous photosynthetic effective radiation measured when the upper part of the canopy is unobstructed; LAI is the leaf area index of the tree canopy.




2.7. Stomatal Aperture Assay


We selected 3–5 fully developed and robust blades from different parts of different treatments for sampling. Pieces covered with nail polish were then placed on a microscope slide and examined with a fluorescence microscope (AXI0, Carl Zeiss, Germany) at 400× magnification. The pore area and pore circumference were measured using ImageJ image processing software (National Institutes of Health, Bethesda, MD, USA).




2.8. The Daily Change in the Carbon Dioxide Concentration in the Canopy during Different Seasons


An L99-CO2 carbon dioxide recorder (Hangzhou Luge Technology Company) was used to monitor the daily changes in the CO2 concentration inside the canopy of the tree. We chose sunny, windless, and dry weather in July and September and placed the carbon dioxide recorder in the middle and lower part of the main branch inside the canopy of ‘Luhong 618’; the instrument continued to monitor changes for at least 24 h.




2.9. Determination of the Growth of New Shoots and Main Branches


At the beginning of July, the periphery of the upper, middle, and lower parts of the ‘Luhong 618’ canopy was selected, and the robust new shoots with the same growth were marked with a tape measure. We measured the length of the marked new shoots at the end of August and calculated the growth of the new shoots. At the beginning of July, we selected 20 cm above the bifurcation of the main branch to mark and use as the circumference measurement point of the main branch; we selected the trunk area 40 cm above the ground to mark and use as the circumference measurement point of the trunk. The growth length of the main branch was measured and counted at the beginning of July, and the second measurement was made at the end of August. After all of the leaves of the tree body had fallen, we counted the number of long (30–60 cm), medium (10–30 cm), and short (5–10 cm) fruiting branches and the number of long branches on the back for the different main branch opening angles.




2.10. Determination of Fruit Quality


After the peaches were ripe, fruits from different parts of the tree were picked and bagged separately and returned to the laboratory for quality index determination. The weight of a single fruit was measured using a one-hundredth balance; the determination of soluble solids was performed with a TD-4 glucose meter. The firmness of the pulp was measured using a TA-X Plus texture meter (Stable Micro Systems, Surrey, UK), and the probe model was 2 mm DIA CYLINDER STAINLESS. Titrable acid was titrated via sodium hydroxide titration. We weighed 10.0 g of the sample, ground it, and transferred it to a 100 mL volumetric bottle. We set the volume to the scale, shook it well, and let it stand for 30 min before filtering. We withdrew 20.0 mL of filtrate, transferred it to a triangular bottle, added 2 drops of 1% phenolphthalein indicator, and titrated it with a calibrated sodium hydroxide solution. Titration took place until the solution was initially pink and did not fade within 0.5 min (pH = 8.1~8.3), after which we recorded the amount of sodium hydroxide titration solution used; we repeated this process three times. Distilled water was used instead of the filtrate for titration as a blank control.




2.11. Statistical Analysis


SPSS 17.0 statistical analysis software (IBM, New York, NY, USA) was used to perform one-way ANOVA and Duncan’s multiple comparison test, and Origin Pro2021 was used to perform index correlation analysis. Statistical significance, presented using letters in the tables below, was assumed at a level of 5% (p < 0.05). Data in all tables are presented as the means ± standard deviations (error bars).





3. Results


3.1. The Quality Difference in Peach Buds with Different Main Branch Opening Angles


Figure 1 shows the difference in the quality of flower buds for different opening angles of the main branches of ‘Luhong 618’. With the increase in the branching angle, the total nitrogen content in the flower buds decreased, and at 85°, it was 30.9% lower than that at 45°, which was a significant difference (Figure 1A). The total phosphorus content in the buds of different treated flowers decreased with the increase in the branching angle, and at 85°, it was 48.4% lower than that at 45°, which was a significant difference (Figure 1B). There was no significant difference in the total potassium content in the flower buds of different treatments, and the opening angles of the three main branches were not significantly different (Figure 1C). The carbon content of flower buds at 85° was the highest, 26.07% higher than that at 45° and 41.34% higher than that at 65° (Figure 1D). The carbon–nitrogen ratio in the flower buds was not significantly different between 45° and 65°, but there was a significant difference between 45° and 85°. The carbon–nitrogen ratio of the 85° flower buds was 69% higher than that of the 45° buds (Figure 1E).




3.2. Differences in the Canopy Characteristics among the Different Main Branch Opening Angles


The leaf area index (LAI) of the peach trees at the opening angle of the three main branches of ‘Luhong 618’ gradually increased during the growth period from June to September (Figure 2A). In the early stage of canopy formation in June, the LAI values of the three main branch opening angles were not significantly different. During the period of vigorous growth from July to September, the LAI of the opening angle of the main branch at 65° was 1.49, which was significantly greater than the other values (1.31 at 45° and 1.21 at 85°). In October, as the temperature decreases and the number of hours of light decreases, leaf growth slows down, and there is even a phenomenon of leaf shrinkage and shedding, and the LAI begins to decline. This was most evident for peach trees at the 45° opening angle of the main branch. During the entire growing season from June to October, the mean tilt angle (MTA) of the canopy leaves at 85° was 66.75°, which was significantly higher than that of the other treatments, and the MTA at 45° was 56.5° and at 65° was 59.5°; the overall trend showed a slow decrease (Figure 2B). The variation curves of diffuse non-interceptance (DIFN) were plotted for the measurements at the bottom of different canopies. As can be seen from Figure 2C, the canopy DIFN of all three main branch opening angles decreased with the change in month, and the change curves of 45° and 85° were approximately the same. During the whole growing period, the magnitudes of the DIFN values were 85° > 45° > 65°, which showed that the inner light environment of the 85° branch opening angle was better than that at 45° and 65°, and the lower leaves were able to intercept more solar radiation, which was beneficial to the fruit growth and development in the lower levels of the canopy. The canopy extinction coefficient (k) showed a pattern of increasing and then decreasing from June to October, indicating that the overall light transmission capacity of the canopy decreased and then increased, and the proportion of solar radiation penetrating the middle and upper leaves to the bottom of the canopy decreased and then increased. Based on Figure 2D, the average k of the 85° canopy was always higher than that of 45° and 65° from July to October, which indicates that the upper and middle part of the 85° canopy had better light transmittance and a more open canopy, and the lower canopy intercepted more direct solar radiation, which is beneficial for photosynthesis.



Fish-eye photographs of the canopy at different branch opening angles were taken at the end of August when the canopy was in its final stage of formation. This set of pictures can more visually represent the difference in the visible sky ratio DIFN at different branch opening angles. It is clear from the figure that for ‘Lu Hong 618’, the density of the inner branches and leaves was higher when the main branch opening angle was 65°. The ratio of the visible sky at the bottom of the canopy of 65° was lower than that recorded for 45° and 85°, and the ventilation and light penetration conditions were poor (Figure 3).




3.3. Daily Variation Pattern of Carbon Dioxide with Different Main Branch Opening Angles


The range of variation in the CO2 concentration in the inner chamber throughout the day in summer was greater than that in autumn, probably because the lower average daily temperature in autumn led to lower rates of photosynthesis and respiration of the peach leaves, which had less effect on CO2 in the canopy (Figure 4). The range of variation in CO2 concentration in the inner chamber throughout the day in summer was greater than that in autumn, probably because the lower average daily temperature in autumn led to lower rates of photosynthesis and respiration of the peach leaves, which had less effect on CO2 in the canopy.




3.4. Effect of Different Main Branch Opening Angles on the Canopy Growth of Peach Trees


There were significant differences in the height of the trees with different main branch opening angles. The east–west crown diameter showed an increasing trend with the increase in the main branch opening angle, and the difference was significant. The opposite trend was observed for tree height. There were no significant differences in the north–south crown diameter among the different main branch opening angles (Table 1). It can be seen from Table 2 that the number of long, medium, and short fruiting branches gradually decreased as the opening angle of the main branch increased. In addition, the number of long branches on the back of ‘Luhong 618’ was in the order 65° > 85° > 45°. Regardless of the number of long, medium, and short fruiting branches, there were significant differences between 45° and 85°. The length of the lower peripheral new tips of ‘Lu Hong 618’ also differed significantly between the different main branch opening angles; the length of new tips at 45° and 65° was 71.8 cm and 61.1 cm, respectively, whereas the length of the new tips at 85° was only 30.56 cm, which was 57.74% lower compared with that at 45°. From the above analysis, there was a clear effect of the larger branch opening angle.




3.5. Differences in Light Distribution in the Canopy


The relative light intensity distribution of ‘Luhong 618’ in the early stage of canopy formation is shown in Figure 5 and Table 3. Surface diagrams of the distribution of light intensity in the upper part of the opening angle of the three main branches are shown in Figure 5A–C. It can be intuitively seen from the figure that the upper lighting environment at 85° was significantly better than that at 45° and 65°. The relative light intensity area at 85° that was greater than 60% accounted for 79.7%, which was significantly greater than the values (35.7% and 36.9%) at 45° and 65°. From the curved surface diagram of the light intensity distribution in the middle of the canopy, the light intensity inside and outside the peach tree canopy at 45° and 65° was very different, and the light intensity in the eastern part of the canopy at 45° and 65° was significantly greater than that in the western part (Figure 5D–F). From the surface diagram of the distribution of the light intensity in the lower part of the canopy, it can be seen that due to the influence of the upper branches and leaves of the canopy on the shielding of solar radiation, the external light intensity of the canopy at 85° was roughly the same as the light intensity of the inner chamber. The external light intensity at 45° and 65° was greater than that of the interior of the canopy, and the difference was obvious (Figure 5G–I).



Figure 6 and Table 4 show the relative light intensity distribution of ‘Luhong 618’ in different areas during the final stage of canopy formation. The surface diagram of the distribution of light intensity in the upper part of the three main branch opening angles shows that the proportion of relative light in the upper canopy at 85° that was greater than 60% was 63.3%, a decrease of 16% compared to the initial stage; the proportion of relative light in the upper canopy at 65° that was greater than 60% was 33.7%, a decrease of 3.2% compared to the initial stage; and the proportion of relative light in the upper canopy of 45° that was greater than 60% was 18.9%, a decrease of 16.8% compared to the initial stage (Figure 6A–C). In the surface view of the middle part of the canopy, the relative light intensity of the eastern canopy was in the order 45° > 65° > 85°, and the western side exhibited the opposite trend. In the morning, the sun is incident from the east. As the opening angle of the main branch increased, the solar radiation received by the western inner chamber increased, which improved the internal lighting environment of the canopy and had less impact on the light intensity along the western periphery of the canopy (Figure 6D–F). In the lower canopy surface diagram, the proportion of areas with a relative light intensity of less than 30% at 65° reached 74.5%, which was higher than that at 45° and 85° (Figure 6G–I).




3.6. The Photosynthetic Rate and Photosynthates of Leaves Differed among Different Parts


The influence of different opening angles on the photosynthetic rate can be effectively improved in the upper, middle, and lower parts of the canopy. In the middle of the canopy, the 85° angle photosynthetic rate was 26.63, which was 32.9% higher than that at 65° (Figure 7A). In Figure 7B, it can be seen that the chlorophyll SPAD values of leaves in different parts of the 85° canopy were significantly higher than those in the 65° and 85° treatments. In different parts of the canopy, the soluble sugar and starch contents of the leaves were 45° and 85°, which were significantly greater than those at 65°; there was no significant difference between 45° and 85°, and the overall trend was a gradual decrease from top to bottom (Figure 7C,D).




3.7. Leaf Stomatal Morphology Was Different in Different Parts of the Canopy


The morphology of the pores of leaves in the different parts of the canopy was examined under a microscope. As can be seen from the photos, the degree of opening of the pores in the upper canopy was greater than the degree of opening of the pores in the middle canopy, which was, in turn, greater than the degree of opening of the pores in the lower canopy (Figure 8A). The open distribution of pores from leaves in different parts of the canopy is generally consistent with the distribution of the relative light intensity in the canopy. As can be seen from Figure 8B,C, the circumference and area of the pores of the leaves in the middle and upper parts of the canopy followed the order 85° > 65° > 45°, but in the lower part of the canopy, the order was 85° > 45° > 65°.




3.8. Differences in Fruit Quality in Different Fruiting Parts


The influence of tree shape on the quality of peach fruit under the different main branch opening angles was examined. As can be seen from Figure 9A, among the three main branch opening angles, at the same canopy site, the single fruit weight at 45° or 85° was significantly greater than that at 65°. The overall average single fruit weight of peach trees with a main branch opening angle of 85° reached 194 g, at 45° was 177 g, and at 65° was 154 g. Compared with 65°, the average single fruit weights at 85° and 45° were 25.9% and 14.9% higher, respectively. As can be seen in Figure 9B, the firmness of the pulp under the same treatment showed a gradual increase from top to bottom. With the increase in the opening angle of the main branch, the firmness of the pulp after the fruit matured decreased significantly. Figure 9C shows that at the same canopy position, the content of soluble solids in the fruit increased significantly as the opening angle of the main branch increased. The average soluble solids content of the peach trees at 45° was 12.6%, that at 65° was 13.35%, and that at 85° was 13.7%. Compared with 45°, the content of soluble solids at 85° increased by 8.7%. Figure 9D shows that the distribution trend of the titratable acid content of the fruit in the canopy was increased from top to bottom. At the same position in the canopy, the titratable acid content of the fruit with respect to the opening angle of the three main branches was in the order 65° > 45° > 85°. The average titratable acid content of the peach trees at 45° was 0.31%, that at 65° was 0.35%, and that at 85° was 0.27%. Compared with 45° and 65°, the titratable acid content at 85° was reduced by 12.9% and 22.8%, respectively.




3.9. Correlation Analysis of Canopy Characteristic Indices and Fruit Quality


Different main branch pulling angles were negatively correlated with fruit hardness, and their indicators were positively correlated. There was a significant positive correlation between fruit weight and photosynthesis, the SPAD value, and the starch content (Figure 10).





4. Discussion


Branch bending affects the formation of flower buds. In actively growing shoots, assimilates flow to flower buds, and bending leads to a higher accumulation of flower bud assimilates [24,25]. The accumulation of C and N in young shoots produced by bent branches is considered important for flower bud formation [26]. The main objective of apple cultivation is to increase the accumulation of C and N to promote flower bud formation. Bending may lead to spur formation and limit plant vigor, resulting in nutrient accumulation and, thus, improved bud quality [17,27]. In this experiment, we found that the total N and total P contents of flower buds of ‘Lu Hong 618’ decreased with an increase in the main branch opening angle, and the difference reached a significant level; the total K contents of flower buds at 85° were significantly different from those at 45° and 65°. A higher carbon-to-nitrogen ratio is one of the most important factors determining the quality of flower buds, and a higher carbon-to-nitrogen ratio is beneficial for germination and fruit setting. In this study, the main branch opening angle of 85° was better than 45° and 65°, which is consistent with the results of previous studies [17,28].



Light energy use efficiency is directly influenced by the canopy structure. An optimal canopy structure is the basis for improving the photosynthetic efficiency and achieving high crop yields [29,30,31]. Different tree shapes have a strong impact on canopy parameters such as LAI, MTA, DIFN, and k in peach trees. LAI is the ratio of the sum of the leaf area of the tree canopy leaves to the area of the canopy ground projection [23]. The results showed that the leaf area coefficient of peach trees with different main branch opening angles increased with new growth during the growing season, reached a maximum in September and then decreased, and was significantly higher at 85° than at 65° and 45°. The reason for this may be that the lower temperature caused the leaves to curl up, dry, and fall off. MTA is a major characteristic indicator of the canopy structure, and its value affects the effective photosynthetic area of the leaves [32]. The MTA gradually decreased during the growing period, probably because the leaves gradually matured, and the accumulated nutrients made the single leaf weight increase, causing leaf droop due to gravity. The MTA at 85° was greater than that at 45° and 65°, probably because the 85° main branch opening angle significantly inhibited the outward transport of photosynthetic products in the leaves, resulting in higher leaf weight and drooping at 85°. The DIFN calculated in combination with the gap portion indicates the portion of the sky that is not obscured by leaves. The magnitude of this value ranges from 0 to 1. The upper leaves of the fruit tree canopy receive mainly direct and scattered radiation, while the leaves at the bottom of the canopy receive a smaller proportion of direct radiation [33]. The DIFN of the three angles gradually decreased during the growth period, implying that the shading effect of the canopy peripheral leaves on the inner chamber light became gradually obvious. The DIFN of ‘Lu Hong 618’ at 85° was higher than that at 45° and 65°, indicating that the inner part of the 85° canopy received more light radiation with better light transmission conditions. k is an important parameter to describe the light distribution of the population. The extinction coefficient of each level within the canopy reflects the light inside the canopy [34]. The k value of ‘Lu Hong 618’ showed a pattern of increasing and then decreasing from June to October, indicating that the overall light transmission capacity of the canopy decreased and then increased, and the proportion of solar radiation penetrating the middle and upper leaves to the bottom of the canopy decreased and then increased. The canopy at 85° had better light transmission conditions in the middle and upper part of the canopy, the canopy was more open, and the lower canopy intercepted more direct solar radiation, which is beneficial to photosynthesis. In September and October, the leaves aged, curled, and even fell off due to the influence of atmospheric temperature and other environmental factors, and the k value for the 45° canopy decreased most obviously.



The distribution of the relative light intensity within the canopy of peach trees is closely related to the tree shape and branch composition [35]. In this study, we found that the trend of the relative light intensity at different levels of the canopy decreased gradually from outside to inside and from top to bottom, which is consistent with the results of Zhang et al. [20], Yue et al. [21], and Lu et al. [36]. In addition, the distribution of the canopy light intensity and the proportion of different light intensities differed for different main branch opening angles. In the early stage of canopy formation, the branch growth potential was stronger, the proportion of different light intensities at different levels for 45° and 65° were more similar, and the differences were greater between 85° and 45° and 65°. The proportion of high light areas at the upper level at 85° reached 79.7%, higher than the other values, i.e., 35.7% at 45° and 36.9% at 65°. At the end of canopy formation, as the angle of pulling increased, the canopy light situation was ideal, and the percentage of the high light area in the upper layer at 85° was 63.3%, significantly greater than the values (18.9% and 33.7%) at 45° and 65°. We generally believe that relative light intensity below 30% is an ineffective light zone, while fruits that receive light intensity higher than 80% are prone to sunburn and rough surfaces, resulting in lower fruit quality. The overall light condition at 85° was better than that at 45°; in particular, the relative light intensity in the inner chamber was obvious, so the high light efficiency of ‘Lu Hong 618’ was higher than that at 45°.



In this study, as the main branch opening angle increased, the faster the growth rate of the tree and the growth rate of new shoots at different levels. The leaf-soluble sugar and starch contents decreased gradually from top to bottom, and in the same parts of the leaves, values at 45° and 85° were significantly greater than those at 65°, and the difference between 45° and 85° was not significant overall. Canopy light distribution had a greater effect on photosynthesis than other factors [37]. Light intensity was not uniformly distributed in the 65° canopy, and the canopy branches and leaves were densely shaded by each other, causing reduced photosynthesis. There was no significant difference in the leaf SPAD values between different parts, the difference between different main branch opening angles was not significant, and the trend was not regular. The inner chamber at 85° had a significantly higher CO2 concentration difference than that at 45° and 65° in a day, which might be due to the relatively open canopy inner chamber at 85° and poor ventilation conditions, which increased the photosynthesis of leaves and thus promoted the accumulation of photosynthetic products [38].



The shape of fruit trees determines the canopy structure, which is closely related to the branch volume, tree ventilation, and light penetration ability, so a reasonable tree shape is the basis for high-quality fruit yield [39]. Zhaoyuan et al. [40] concluded that fruit texture and yield distribution in different positions of the peach tree canopy are significantly correlated with relative light intensity, which gradually decreases from outside to inside and from the top to the bottom of the canopy. To increase the yield of high-quality fruits, the relative light intensity must be greater than 41.83%. Among the three main branch opening angles at the same canopy site, the single fruit weight at 45° or 85° was significantly greater than the single fruit weight at 65°. Lu et al. [35] found that different relative light intensities at different canopy positions resulted in significant differences in the mean fruit weight per unit, hardness, soluble solids, and anthocyanin content, and Lewallen and Marini [41] found that the light environment conditions under which the fruit was located determined fruit quality more than the position of the fruit in the canopy. In this study, flesh firmness gradually increased from top to bottom at the same branch opening angle, and between different branch opening angles at the same fruiting site, flesh firmness was significantly higher at 45° than at 65° and 85°; the soluble solids showed a gradual decrease from top to bottom, and at the same fruiting site, 85° > 65° > 45°. The trend of the fruit titratable acid content was the opposite to that of the soluble solids content, with the fruiting site gradually increasing from top to bottom, and between different main branch opening angles at the same fruiting site, the content at 65° was significantly higher than that at 45° and 85°.




5. Conclusions


In this study, we investigated the effects of different main branch opening angles (three treatments: 45°, 65°, and 85°) on the canopy light distribution, canopy characteristics, fruit quality, and flower bud quality of ‘Y’-shaped peach trees. (i) The 85° main branch opening angle had good branch structure and leaf morphology, better ventilation, and light penetration in the inner canopy and improved the relative light intensity of the canopy. (ii) With the increase in the main branch opening angle, the new growth of peach trees and the growth of the main branch trunk showed an inhibitory effect. The stomatal morphology and the soluble sugar and starch contents of leaves at different levels of the canopy were affected by canopy light. (iii) For an 85° main branch opening angle, there was a tendency for C/N to increase within the flower buds of fruiting branches. In addition, the distribution pattern of fruit quality in the canopy was similar to that of the light distribution. Fruit quality was higher at 85° and 45° than at 65° in the same fruiting area. The effects of different branch opening angles on fruit weight, flesh firmness, titratable acid, and soluble solids were more significant. Therefore, a main branch bending angle of 85° is recommended for a 3-year-old “Luhong 618” peach, which can effectively improve canopy characteristics, promote flower bud formation, and improve fruit quality. Additional research is needed to better understand the effects of different branch opening angles on fruit tree growth.
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Figure 1. Effects of different main branch base angles on flower bud quality in peach. (A) Total nitrogen content; (B) total phosphorus content; (C) total potassium content; (D) total carbon content; (E) carbon–nitrogen ratio. Different small letter superscripts mean significant difference (p < 0.05). 
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Figure 2. Differences in the canopy characteristics of peach trees with different main branch opening angles. (A) Leaf area index; (B) mean tilt angle; (C) diffuse non-interceptance; (D) extinction coefficient. Within the same period, means followed by different letters are significantly different (p < 0.05). 
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Figure 3. Fish-eye photos of the canopy under different main branch opening angles ((A): 45°; (B): 65°; (C): 85°). 
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Figure 4. Daily variation patterns of carbon dioxide in summer (A) and autumn (B) within the canopy of peach trees with different main branch opening angles. * stands for multiplication. 
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Figure 5. Three-dimensional distribution of the relative light intensity in the canopy of the peach trees at the early stage of canopy formation. UP ((A): 45°; (B): 65°; (C): 85°); MID ((D): 45°; (E): 65°; (F): 85°); LOW ((G): 45°; (H): 65°; (I): 85°). 
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Figure 6. Three-dimensional distribution of the relative light intensity in the canopy of the peach trees at the end of the crown formation. UP ((A): 45°; (B): 65°; (C): 85°); MID ((D): 45°; (E): 65°; (F): 85°); LOW ((G): 45°; (H): 65°; (I): 85°). 
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Figure 7. Photosynthetic rate and photosynthetic products of leaves in different parts of the canopy. (A) Net photosynthetic rate; (B) SPAD value; (C) soluble sugar; (D) starch content. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 8. Differences in the stomatal morphology of leaves in different parts of the canopy. (A) Stomatal morphology; (B) stomatal circumference; (C) stomatal area. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 9. Effects of different main branch base angles on fruits quality in peach. (A) Friut weight; (B) average firmness of pulp; (C) soluble solid; (D) titratable acid. Different lowercase letters indicate significant differences between treatments (p < 0.05). 
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Figure 10. Correlation analysis between relative light intensity and leaf and fruit characteristics. 
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Table 1. Differences in peach tree canopy size with different main branch opening angles.
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	Angle
	Height (m)
	East–West Crown Diameter (m)
	North–South Crown Diameter (m)





	45°
	4.08 ± 0.07 a
	2.56 ± 0.15 b
	2.20 ± 0.10 a



	65°
	3.82 ± 0.06 b
	3.10 ± 0.26 ab
	2.16 ± 0.25 a



	85°
	3.01 ± 0.06 c
	3.36 ± 0.50 a
	2.46 ± 0.06 a







Note: Different lowercase letters indicate significant differences between treatments (p < 0.05).
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Table 2. Effects of different opening angles on the composition of branches.
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	Angle
	Short Fruiting Branch
	Medium Fruiting Branch
	Long Fruiting Branch
	Epicormic Branch
	New Shoot

Length (cm)
	Main Branch Length (cm)
	Main Trunk

Length (cm)





	45°
	79.3 ± 11.0 a
	59.3 ± 1.8 a
	60.3 ± 3.9 a
	5.0 ± 0.6 b
	37.8 ± 2.27 a
	4.07 ± 0.3 a
	21.67 ± 1.2 a



	65°
	58.7 ± 5.2 ab
	54.7 ± 5.4 ab
	49.3 ± 1.5 b
	12.0 ± 2.1 a
	36.1 ± 1.89 ab
	3.83 ± 0.18 a
	16.67 ± 0.35 b



	85°
	43.0 ± 6.1 b
	44.0 ± 2.6 b
	38.0 ± 2.6 c
	8.3 ± 0.9 ab
	29.56 ± 2.5 b
	2.73 ± 0.23 b
	9.33 ± 0.17 c







Note: Different lowercase letters indicate significant differences between treatments (p < 0.05).
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Table 3. The proportion of light intensity under the different opening angles of the main branches in the early stage of crown formation (%).
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	Angle
	Location
	<30%
	30–60%
	>60%





	
	Upper
	15.2
	49.1
	35.7



	45°
	Middle
	33.8
	52.4
	13.8



	
	Lower
	56.5
	35.2
	8.3



	
	Upper
	22.2
	40.9
	36.9



	65°
	Middle
	39.5
	52.7
	7.8



	
	Lower
	59.8
	36.9
	3.3



	
	Upper
	3.4
	16.9
	79.7



	85°
	Middle
	13.2
	76.9
	9.9



	
	Lower
	39.5
	58.1
	2.4
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Table 4. The proportion of light intensity under the different main branch opening angles in the final stage of crown formation (%).
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	Angle
	Location
	<30%
	30–60%
	>60%





	
	Upper
	33.9
	47.2
	18.9



	45°
	Middle
	39.5
	47.8
	12.7



	
	Lower
	56.1
	37.8
	6.1



	
	Upper
	25.4
	40.9
	33.7



	65°
	Middle
	30.9
	57.8
	11.3



	
	Lower
	74.5
	25.2
	0.3



	
	Upper
	5.9
	30.8
	63.3



	85°
	Middle
	13.9
	58.6
	27.5



	
	Lower
	54.5
	44
	1.5
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