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Abstract

:

Tree shape can affect microclimate, which may directly influence fruit growth and development. Open center and round head are two tree canopy shapes that are generally used in Camellia oleifera Abel. cultivation. To study the effects of the two canopy shapes on the microclimate and fruit quality parameters inside the canopy and investigate the correlations between microclimate and oil yield characteristics, microclimates in different developmental periods and fruit quality parameters at maturity at different positions in the two canopy shapes were determined. In this study, the open-center shape increased the light intensity and temperature, and reduced the relative humidity within the canopy, and the microclimate was more uniformly distributed within the open-center canopy. Fruit quality parameters of open-center canopied trees were also significantly increased and had more uniform distributions, especially the oil yield parameters. The content ratio of the dry seed, oil content ratio of the fresh fruit, and oil yield increased by 43.55%, 59.30% and 79.01%, in the lower layer, respectively, and 27.33%, 41.75%, and 55.43%, in the inner canopy, respectively, compared to those of round-head canopied trees. For both canopy shapes, oil yield parameters had positive correlations with light intensity and temperature, but negative correlations with relative humidity, and the correlation coefficients between light intensity and temperature at different developmental stages and oil yield parameters in round-head canopies were greater than in the open-center canopies. Additionally, regression equations between the single microclimatic factor in different developmental periods and oil yield parameters could be used to estimate the latter in the two canopy shapes. The optimum light conditions for open-center and round-head canopy shapes were 916–1893 and 1108–1259 μmol·m2·s−1, respectively. Overall, the open-center canopy had a more desirable microclimate and a more uniform microclimate distribution, especially the light intensity, which contributes to high uniform fruit quality parameters. Thus, an open-center canopy is the desirable shape in C. oleifera production.
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1. Introduction


Camellia oleifera Abel. is a unique woody oil tree grown in China and one of the four major woody oil trees worldwide [1]. It has a large growing area in southern China, covering 14 provinces. Tea oil is known as “eastern olive oil” [2] because it is rich in unsaturated fatty acids [3]. By the end of 2018, the planting areas of C. oleifera have occupied 4.39 million hectares in China. However, low production and inefficiency cultivation have seriously restricted the development of C. oleifera industry. Extensive management and poor tree structure are important factors that result in low fruit yield and quality. Pruning is a common practice for increasing the fruit quality and yield [4,5]. The purpose of pruning is to obtain a reasonable tree structure, which is the basis for forming economic yield. It can reduce the canopy size [5,6] and modify the canopy microclimate, such as by increasing the light interception [7,8] and decreasing the moisture level [9,10]. In C. oleifera, pruning is also an important way to keep stable and high yield. As stated by Yi [11], fruit yield of C. oleifera after pruning was increased by over one third compared to that of unpruned trees.



Tree shape strongly influences the density and spatial distribution of branches, leaves and fruit within a canopy, and the differences in these distributions can cause differences in light intensity, temperature, and relative humidity [12,13,14], forming unique microclimates that differ from the external environment. Light condition appears to be the most affected by tree shapes and training systems among the canopy microclimate. In apple orchards, Y-trellis, solaxe training system, and V-shaped trees have the greatest light interception levels within the canopy compared with other training systems and tree shapes [15,16,17], and solar radiation transmission was greater in the Y-shaped system when compared with the fruiting wall system in peach orchards [18].



Open-center and round-head canopy shapes are the most common for C. oleifera [19]. An open canopy allows an increase in transmitted light [20], and the photosynthetically active radiation within an open-center canopy reaches further into the canopy [21]. Moreover, an open-center canopy configuration for apple always increases the light interception and light-use efficiency within the canopy, resulting in the leaves obtaining a high level of radiation. These factors contribute to an increase in apple quality [22,23,24]. In contrast, a round-head canopy inhibits light penetration inside the canopy because excessive branches congest the center, and the poor light distribution always leads to a low fruit yield and quality [25]. Open-centre canopy of C. oleifera not only significantly increased the single fruit weight, yield per plant, and the weight of seed kernel by improving the leaf nutrients [26,27], but also increased the rate and number of flower buds [26,27], which helped to increase the fruit quality and yield in the following year. Light use efficiency of the open-center shape was the highest among four apple tree shapes (small-sparse shape, disperse-stratified shape, spindle shape, open-center shape), and the leaves’ average photosynthetic rate within open-center shape was also higher, which promoted the transport and distribution of photosynthetic products resulting in higher fruit quality [24].



Microclimates play roles in the growth and development of trees by affecting photosynthesis [28]. Furthermore, an acceptable level of fruit yield is largely dependent on environmental conditions. Light is a key factor for fruit development, and fruit yield and quality are always strongly positively correlated with light intensity and interception [16,29]. Well-illuminated conditions could increase the percentage of oil and decrease the water content of olive trees [30]. In mango, Schaffer and Gay [31] found that fruit grown under poor light-interception conditions had low fruit-set and yield rates. Flower bud initiation and fruit size decreased in shaded canopy areas compared to sun-exposed areas [32,33]. Light interception along the north-south axis of the canopy is high, whereas it is low along the east–west (E–W) axis [34]. Lombard and Westwood [35] found that E–W rows had a lower yield of pear compared to north–south (N–S) rows. They attributed this to a lower bloom density on the E–W rows as a result of less light. Khemiral [36] reported that lower levels of sunlight interception in E–W rows decreased the fruit set and crop density, leading to a lower average cumulative yield of ‘Anjou’ pear.



Canopy temperature and humidity also have significant effects on fruit quality parameters [37] Because temperature usually varies with light intensity, it is hard to separate the influence of light and temperature on fruit development, and high light intensities and temperatures might affect the metabolites of grape berries [38]. There are more fig fruits with lower acidity in the exterior canopy positions compared to the interior because high temperatures enhance fruit enlargement and decrease the acidity of fig juice [39]. d’Anjou pear fruit grown in high temperature parts of the canopy had a high fruit percentage blush, which was attributed to increased enzyme activity in the anthocyanin synthesis pathway caused by the high temperature [40]. Unfavorable temperatures and relative humidity levels could cause a significant reduction in mango yield [41]. It has also been reported that lower temperature and higher humidity positions within the apple tree canopy increase Ca transportation from the xylem to the fruit, which lead to a reduction in bitter pits and better fruit quality [42].



Previous research has provided appropriate pruning methods from the technology aspect [43,44], and proposed common tree shapes in C. oleifera cultivation [26,27]. On this basis, Duan et al. [19] studied the relationship between tree structure and light utilization. In their experience, open-center shape had a better effect on photosynthetic efficiency. Pan et al. [45] obtained the multiple linear regression equations between the four tree structure factors and yield. Most studies on C. oleifera tree structure only provided details about the correlation between tree structure and light, yield, respectively. However, information on fruit quality parameters’ correlations with the microclimates of different canopy shapes are not available. Our previous study has shown that the fruit quality parameters of C. oleifera have the greatest correlations with the canopy microclimates in January to February, July to September, and October [46]. In this study, we measured the light intensity, temperature, and relative humidity of different areas of open-center and round-head canopy shapes during different developmental periods (January to February, July to September, and October). In addition, the fruit quality parameters of the two canopy shapes were determined at maturity. The objectives of this study were (i) to obtain the reasons for differences in fruit quality parameters of different canopy shapes; (ii) to evaluate the correlations between microclimate and fruit quality parameters of different canopy shapes; (iii) to propose a reasonable tree structure in the production of C. oleifera.




2. Materials and Methods


2.1. Experimental Site Description and Plant Materials


The clonal cultivar ‘Xiang Lin 27’ was planted in the National Oil-tea Camellia Engineering & Technology Research Center in Changsha, Hunan Province, China (28°14’24” N, 113°10’12” E, 80–100 m in altitude a.s.l.) which has a subtropical humid monsoon climate with a mean annual temperature of 16.8 °C and an average annual precipitation of 1455.5 mm. The climate and site conditions are suitable for the growth of C. oleifera, and the experiment site is inside of the natural distribution range of C. oleifera in China.



Trees were 1.3-m high, with a crown diameter of 2 m, spaced at 2 m × 2 m. Trees have entered the stable fruiting period with a stable round-head form (Figure 1a), and an annual fruit yield of 3750 kg per hectare. In general, the dormant period of C. oleifera is from January to February, during which new shoots have not started to grow. Flower bud differentiation starts in early May and lasts until the middle to the end of September [47]. Flowering lasts from approximately mid-October to the end of December. The ovary starts to swell in the middle of March, and fruits begin to develop. The fruit expansion and oil conversion stages are between April to June and July to September, respectively. Fruits have ripened in the middle of October [48]. The descriptions of fruit of ‘Xiang Lin 27’ C oleifera were as follows: capsule with thin skin, ovoid or globular shape, diameter 30–45 cm, ventricle 3–5, seeds usually 4–6, black brown and shiny seed. The fruit image of ‘Xiang Lin 27’ C oleifera was shown in Figure 2.



Six trees of similar size with no disease or pest problems were selected for this study, and they were grown under the same site conditions with the same growth vigor and canopy structure. Among the selected trees, three trees were pruned to the open-center shape (Figure 1b) on 20 December 2014, and the remaining three trees maintained the round-head shape.




2.2. Canopy Microclimate.


With the trunk serving as the center, each tree canopy was divided into four directions: south, west, north, and east (Figure 3a). Each crown was divided into horizontal and vertical directions as well. The horizontal direction was then divided into inner (0–50 cm from the center of the trunk) and outer (50–100 cm from the center of the trunk) canopies. In vertical direction, the canopy was considered to start at 30 cm from the base of the trunk, and every 50 cm was then deemed a layer (Figure 3b). The vertical direction was divided into two layers, the lower (0–50 cm) and upper (50–100 cm). There were 16 partitions in total. In each partition, 5 points were selected randomly to measure the microclimates, and the average of 5 points was used for representing the microclimates of the small area.



Light intensity, temperature, and relative humidity were measured every 7 days on wind-free and clear days during the different developmental periods of C. oleifera. The canopy microclimates in the different partitions (Figure 3) were recorded at fixed intervals throughout the observational days (8:00, 11:00, 14:00, and 17:00) and repeated three times at the regular time. Canopy microclimate was determined 4 days in a month, and the average of 4 days was used for the 1-month observational data. The averages of three replications were used to analyze the differences in microclimates of different canopy shapes in different periods. Light intensity was measured using LI-250 light meter (Li-COR, Inc.; Lincoln, NE, USA). Temperature and relative humidity were determined using a portable meteorograph (Kestrel 4000, Nielsen Kellerman, Boothwyn, PA, USA).




2.3. Fruit Quality Parameters


Fruits of open-center and round-head C. oleifera were picked on 20 October 2015 from the areas shown in Figure 3, when all fruits in each partition of the two canopy shapes have ripened. In each area, all the fruits were selected to determine the fruit quality parameters (fruit yield, fresh seed content ratio, dry seed content ratio, kernel percentage in the dry seed, and oil yield parameters—oil content ratio in the dry kernel, oil content ratio in the fresh fruit, oil yield). Fruit yield and oil yield represent fresh fruit yield and dry oil yield per volume of each divided partition in the canopy, respectively. The other fruit quality parameters were calculated using the following equations: fresh seed content ratio (%) = total mass of fresh seeds (g)/total mass of fresh fruit (g) × 100 %; dry seed content ratio (%) = total mass of dry seeds (g)/total mass of fresh fruit (g) × 100 %; kernel percentage in the dry seed (%) = total mass of dry kernel (g)/total mass of dry seeds (g) × 100 %; oil content ratio in the dry kernel = total mass of dry oil (g)/total mass of dry kernel (g) × 100 %; oil content ratio in the fresh fruit = total mass of dry oil (g) / total mass of fresh fruit (g) × 100 %.




2.4. Statistical Analysis


Differences in microclimates and fruit quality parameters of the different areas within the same canopy shape, and the differences in microclimates and fruit quality parameters among the different parts of two C. oleifera canopy shapes were all analyzed by t-tests using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Design expert (version 8.0) software (Stat-Ease Inc., Minneapolis, MN, USA) was used to draw the distributions of canopy microclimates during different developmental periods and the oil yield parameters in the upper and lower layers of two canopy shapes. Correlation coefficients and regression equations between the single microclimatic factor at different developmental stages and oil yield parameters of different C. oleifera canopy shapes were also established using SPSS.





3. Results


3.1. Effects of Canopy Shape on Fruit Quality Parameters


In the vertical direction, the open-center canopy had higher fruit yield parameters compared with the round-head shape (Table 1). There were significant differences in the other fruit yield-quality parameters, except for the fruit yield, between different canopy shapes, and canopy shape had the greatest effects on the oil content ratio in the fresh fruit and oil yield. The values of oil content ratio in the fresh fruit and oil yield in the lower layer of the open-center canopy were 1.59 and 1.79 times greater than those of the round-head shape, respectively. Furthermore, the effects of the canopy shape on the lower layer’s fruit quality parameters were more significant than on the upper layer. In addition, fruit quality parameters in the lower layer had significantly lower values when compared with those of the upper layer within the same canopy shape, and the differences in fruit quality parameters between the lower and upper layers of the open-center shape were lower than those of the round-head shape, with the greatest differences appearing in the oil yield, which was 3.83 and 2.28 times greater in the upper layer of the round-head and open-center canopies, respectively, than in the lower layer.



Horizontally, the open-center canopy improved the fruit quality parameters (Table 2) and had a more significant effect on fresh seed content ratio (FSR), kernel percentage in the dry seed (KPS), oil content ratio in the dry seed (ORS), oil content ratio in the fresh fruit (ORF), and oil yield (OY), which were 1.07, 1.09, 1.27, 1.42, and 1.55 times greater, respectively, in the inner areas than in the round-head canopy. Furthermore, the effects of the canopy shape on the fruit quality parameters of the inner canopy were more significant than the effects on the outer canopy. In addition, fruit quality parameters in the inner canopy had significantly lower values when compared with those of the outer canopy within the same canopy shape, and the differences in fruit quality parameters between the inner and outer canopies of the open-center shape were less than those of the round-head shape, and the greatest differences were in the oil yields, which were 1.60 and 1.34 times greater in the outer canopy of the round-head and open-center canopies, respectively, than in their inner canopies.



The fruit quality parameters in different areas within the same canopy shape were very different (Table 3). For both canopy shapes, the fruit quality parameters significantly decreased from the outer to the inner layer and from top to bottom, and all the fruit quality parameters in the outer canopy of the upper layer had the largest values when compared with the other areas, and the lowest values for fruit quality parameters appeared in the inner canopy of the lower layer. In addition, there were no significant differences in dry seed content ratio (DSR) and kernel percentage in the dry seed (KPS) between outer canopy of the lower layer and inner canopy of the upper layer within the open-center shape.



The oil yield parameters included the ORS, ORF, and OY, which decreased from the outer to inner and top to bottom within both the open-center and round-head canopy shapes (Figure 4). The oil yield parameters of the open-center canopy had greater values than those of the round-head canopy in the same layer, and the ranges of variations for oil yield parameters in the upper layer were smaller in the open-center canopy than in the round-head canopy. The ranges of ORS, ORF, and OY in the upper canopy of the open-center shape were nearly 28%–35%, 6.0%–9.4%, and 60–120 g·m−3, respectively, and they were 22%–37%, 3.8%–10.0%, and 36–110 g·m−3, respectively, in the upper canopy of the round-head shape. In addition, differences in oil yield parameters between open-center and round-head canopies in lower layers were greater than those in the upper layers, and the ranges of the oil content ratio in the dry seed, oil content ratio in the fresh fruit, and oil yield in the lower layer of the open-center were 24%–32%, 3.8%–8.3%, and 0–108 g·m−3, respectively, while in the round-head canopy they were 18%–28%, 2.0%–6.8%, and 0–75 g·m−3, respectively.




3.2. Effects of Canopy Shape on Microclimate


The light intensity and temperature in each area of the open-center canopy were greater than in the round-head canopy, while the relative humidity was lower (Table 4). At the same developmental stages, differences in these three microclimatic factors between different canopy shapes were more significant in the lower and inner parts when compared with the upper and outer parts, respectively, with the most obvious differences being in light intensity, which occurred between the two canopy shapes in both horizontal and vertical directions from July to September. The light intensity in the lower and inner parts of the open-center canopy from July to September increased by 77% and 65%, respectively, compared with the same area in the round-head canopy. The values of these microclimatic factors in the lower layer and inner canopy were significant greater when compared with those of the upper layer and outer canopy, respectively, within the same canopy shape, and the differences in microclimatic factors of different areas of the open-center shape were lower than those in the round-head shape, with the greatest difference also being in light intensity levels from July to September, which were 2.01 and 1.46 times greater in the upper layers of the round-head and open-center canopies, respectively, than in their lower layers. In addition, there were significant differences in canopy microclimate among different areas of the same canopy shape (Table 5). For both canopy shapes, light intensity and temperature significantly decreased from the outer to the inner layer and from top to bottom, but the relative humidity was of the opposite trend. Light intensity and temperature in the outer canopy of the upper layer had the largest values when compared with the other areas, and the lowest values for light intensity and temperature appeared in the inner canopy of the lower layer.



Light intensity and temperature had funnel distributions in both open-center and round-head canopy shapes and increased from the bottom to top and from the inner to outer canopy (Figure 5 and Figure 6), while relative humidity showed the reverse trend (Figure 7).



During the whole observational period, the light intensity levels in the same layers of the open-center canopy were greater than those in the round-head canopy, and the greatest light intensity values occurred from July to September, when the light intensity levels of the open-center and round-head canopies reached nearly 3000 and 2800 μmol·m2·s−1, respectively, in the upper layer, while the lowest light intensity occurred in the lower layers of the open-center and round-head canopies from January to February, when the variation ranges of light intensity were approximately 300–1050 and 0–1000 μmol·m2·s−1, respectively (Figure 5).



The temperature of the open-center canopy was greater than in the round-head canopy in the same layer during the same developmental period, with the highest temperatures occurring from July to September, when they were 32.20 and 31.00 °C in the upper layers of the open-center and round-head canopies, respectively (Figure 6). The lowest temperatures in the lower layers of the open-center and round-head canopies occurred from January to February, with variation ranges of 10.15–10.35 °C and 9.95–10.25 °C, respectively.



At the same developmental stage, the relative humidity in the upper layer of the open-center canopy was less than that of the round-head canopy, and a similar trend was observed in the lower layer (Figure 7). The relative humidity was greatest from July to September, reaching nearly 53.50% and 56.50% in the lower layers of the open-center and round-head canopies, respectively. The lowest relative humidity in the upper layers of the open-center and round-head canopies occurred from January to February, reaching 33.80%–34.20% and 33.80%–34.50%, respectively.




3.3. Correlations between Canopy Microclimates and the Oil Yield Parameters of Different Canopy Shapes


There were positive correlation coefficients between oil yield parameters and both light intensity and temperature during the different developmental periods within the open-center and round-head canopies, while the oil yield parameters were negatively correlated with relative humidity (Table 6). At the same developmental stages, the coefficients between oil yield parameters and both light intensity and temperature of the open-center canopy were lower than those of the round-head canopy. In addition, correlative coefficients between oil yield parameters and relative humidity from January to February and July to September in the open-center canopy were greater than those in the round-head canopy, while correlative coefficients between oil yield parameters and relative humidity in October in the open-center canopy were lower than in the round-head canopy.



Regression equations between a single microclimatic factor in different developmental periods and oil yield parameters of the two canopy shapes are shown in Table 7 (In Supplementary Materials), which also shows the suitable ranges of single microclimatic values during the different developmental periods. Although light intensity had the greatest correlation coefficients with oil yield parameters, the greatest R2 values of the regression equations between light intensity and oil yield parameters were not always observed. Table 8 showed optimum microclimatic conditions in different developmental periods of different canopy shapes, and the optimum light conditions for open-center and round-head canopy shapes were 916–1893 and 1108–1259 μmol·m2·s−1, respectively.





4. Discussion


4.1. Effects of Canopy Shape on Microclimate


Under certain natural environmental conditions, tree shape can affect canopy structure, and different canopy structures cause differences in filtering the microclimate, resulting in large differences in canopy light intensity, temperature, and relative humidity. In this study, compared with the round-head canopy shape, every area within the open-center canopy was subjected to more sunlight. This mainly resulted from the elimination overcrowding and undesirable branches from the middle part of the inner canopy. Consequently, there were smaller differences in the light intensity levels in different areas within the open-center canopy, indicating that the light was more uniformly distributed in the open-center canopy. Duan et al. [19] concluded that the open-center canopy shape increased the light transmission within the canopy of C. oleifera, and Jiang [27] found that the area of effective light in an open-center canopy shape (62.50%) for C. oleifera was greater than that of the round-head canopy shape (47.67%), which also indicated that there was a more desirable light condition in the open-center canopy. In peach trees, an open-center canopy has greater light penetration [49] and usually has 30%–50% full-sun exposure on the outer leaves (up to 3 to 4 feet deep) [50].



Because an open-center canopy receives more light than a round-head canopy, the temperature and relative humidity within the former are usually higher and lower, respectively [51,52]. Moreover, the differences in temperature and relative humidity among different areas within the round-head canopy were greater than in the open-center canopy, indicating that the temperature and relative humidity were more evenly distributed in the latter. This mainly results from the excessive branches and leaves in the round-head canopy, which decreases the air circulation in the lower and inner parts. Therefore, temperature and relative humidity in the round-head canopy were less affected by the external environment, while the open-center canopy had a greater air exchange between the microclimate inside the canopy and the external environment. This was consistent with a study by Tang et al. [49], who proposed that the open-center canopy shape provides desirable air ventilation in peach trees.



The microclimates within open-center and round-head canopy shapes varied with the developmental period, and the lowest light intensity and temperature values occurred from January to February because of the low solar radiation. However, strong solar radiation from July to October usually resulted in increased light intensity and temperature. In addition, the highest differences in temperature and relative humidity between the two canopy shapes occurred from July to September. This may result from too much rain in May and June, and the strong solar radiation between July and September, leading to an intense leaf transpiration with the high changes in temperature and relative humidity.



Additionally, 3D digital models obtained in this study could reflect the continuous distributions of microclimates in different parts of the open-center and round-head canopy shapes at different growth stages, and similar research exists on the spatial light distributions of other trees [53,54,55,56].




4.2. Effects of Canopy Shape on Fruit Quality Parameters


Tree shape has a large impact on the fruit quality parameters, except for fruit yield, which was different from the research of Jiang [27], in which the open-center canopy shape significantly increased the fruit yield compared with the round-head canopy shape, which might account for the differences in canopy partitioning. For both open-center and round-head canopies, fruit is mainly distributed in the outer and top parts, which is similar to previous studies [57], and the open-center shape could significantly increase the fruit quality parameters within the canopy. Furthermore, the effects of the canopy shape on fruit quality parameters in the lower layer and inner canopy were more significant compared with in the upper layer and outer canopy, respectively, and the spatial distributions for oil yield parameters also showed that the differences in oil yield parameters between open-center and round-head canopies in lower layers were greater than in the upper parts. Therefore, the open-center canopy had uniform high fruit quality parameters. In peach, fruit also has a uniform distribution in the different areas within the open-center canopy [57]. In addition, compared to the round-head canopy, the open-center canopy had a reasonable tree structure, with smaller numbers of branches and leaves, which reduces their nutrient consumption, leaving more nutrients for fruit development. This might also increase the fruit quality parameters. Therefore, the open-center canopy is appropriate for allowing fruit bearing at multiple levels and locations in C. oleifera. As young C. oleifera trees often grow quite vigorously with a strong need for proper pruning, the open-center canopy shape is an optimum form for obtaining high oil yield characteristics.




4.3. Correlations between Canopy Microclimates and the Oil Yield Parameters of Different Canopy Shapes


Dry matter formation of fruit is closely related to the transport, allocation, conversion, and metabolism of carbohydrates, which would affect the fruit yield and consequently influence the oil yield. Leaf is the main organ for carbohydrate production. The source–sink relationship could affect the dry matter producing and partitioning, and the supply capacity of source (leaf) plays an important role in source–sink relationship. Moreover, source supply capacity is closely related to the light intensity, and high light intensity and reasonable light distribution would promote leaves to produce more photosynthetic products and improve the fruit quality parameters. In general, better light distribution also means high uniform light intensity. In addition, previous studies also confirmed the importance of light environment for fruit yield and quality [58,59]. In Sapindus mukorossi, Zhang et al. [58] concluded that light intensity was the most highly correlated with oil yield among all the microclimate factors.



Because canopy shape had the greatest effects on oil yield parameters, the correlations between single microclimatic factors at different developmental stages and the oil yield parameters of different canopy shapes were established. In both canopy shapes, oil yield parameters were positively correlated with the light intensity and temperature, but negatively correlated with relative humidity. Furthermore, the greatest correlation coefficients with light intensity emphasized the large impact of light intensity on oil yield parameters. In addition, there were also high correlation coefficients between relative humidity and oil yield parameters, which differed from the study of Zhang et al. [58] in Sapindus mukorossi. This might be the result of the greater rainfall in the C. oleifera experimental field.



In this study, the light intensity values and temperatures in each area of the open-center canopy were greater than those of the round-head canopy, especially in the inner and lower canopy parts that always received less irradiance [60], while the relative humidity showed the opposite trend. Moreover, correlations between canopy microclimates and oil yield parameters in both canopy shapes also revealed that a high light intensity, high temperature, and low relative humidity increased the oil yield parameters. Therefore, the open-center canopy contributed to increasing oil yield parameters due to the more desirable microclimate, especially the light distribution, which was more important than light interception in improving fruit quality and productivity [61]. The light environment was the most important and direct factor influencing oil yield parameters because it plays crucial roles in the growth and development of fruit trees and crops [62,63], and sufficient sunshine favors photosynthesis, resulting in an increase in the light efficiency of C. oleifera [19]. According to Jiang [27], the leaf photosynthetic rate of C. oleifera within the open-center canopy was greater compared with that of the round-head canopy, which could provide more photosynthates for the growth of fruit, and might also facilitate assimilate accumulation, partitioning, and transportation [64], thereby improving the oil yield parameters and even resulting in a high C. oleifera oil yield. Hao [26] found that the open-center canopy also produces advantageous leaf parameters that improve the photosynthetic capabilities of Camellia saplings. Acebedo et al. [65] reported that well illuminated canopy areas had more intense vegetative growth, more inflorescences and fertile flowers, greater fruit set, and heavier fruit, resulting in producing more olive oil. In contrast, the lower light intensity provided by the round head canopy shape appeared to limit the olive oil content as proposed by Cherbiy-Hoffmann et al. [66], and the poor light condition also reduced photosynthetic capacity, which may be partially responsible for the decrease in olive oil synthesis [65]. Tombesi et al. [67] also found poor light caused low olive oil content, and they attributed this to the reduced pulp/stone relation in a limited light condition. In addition, at the same developmental stage, correlation coefficients between the oil yield parameters and both light intensity and temperature of the round-head canopy were greater than those of the open-center canopy, indicating that the light intensity and temperature of the round-head canopy had closer correlations with the oil yield parameters. Thus, slight changes in light intensity and temperature within the round-head canopy may affect the oil yield parameters.



Regression equations between single microclimatic factors during different developmental periods and the oil yield parameters in two C. oleifera canopy shapes may be used to evaluate their oil yield parameters. Furthermore, from the regression equations of these three developmental periods, it may seem obvious that the regression coefficients of temperature and relative humidity between January and February for both canopy shapes were higher than those of the other two developmental periods; however, the regression coefficients of light intensity between July to October were higher than those between January and February. This indicated that the temperature and relative humidity mainly affected the oil yield parameters during January and February (dormant period), and the light intensity between July to October (Oil conversion and mature periods) had a significant impact on fruit development. Oil conversion period being accompanied by an active metabolic physiology [68], with an ever-growing demand for assimilates resulting in high levels of photosynthesis-related characteristics [69], which contribute to an increased level of chemical energy in the form of carbohydrates and other organic compounds for oil formation [70]. Therefore, higher light intensity during the oil conversion and mature stages, between July to October, which might promoted assimilate transportation, partitioning, and accumulation within the open-center canopy. The relationships between light and flowing, fruiting have been studied widely, and linear equations were used commonly. Jung studied the relationship between light penetration and flower bud density of ‘Fuji’ apple trees in an orchard as affected by tree training system by using linear equation [16]. In our study, we used the second-grade equations between oil-yield parameters and single microclimate factor of two canopy shapes to obtain the suitable microclimate. Further studies on the deep biological meaning would be conducted in our future work. In addition, some researchers also take a similar approach to establish similar fitted equation. He et al. [57] established the regression analysis of relationships between relative canopy light intensity and quality factors of peach fruit, and found the optimum microclimate values for the quality factors of peach fruit. Zhang et al [58] also used the optimal regression equations to show the suitable microclimate conditions for the growth and development of Sapindus mukorossi Gaertn. Additionally, although temperature and relative humidity could also affect the oil yield parameters of differently shaped C. oleifera, it is not clear how temperature and humidity influenced the oil yield parameters, which needs to be further studied.



Since fruit quality parameters which involve flower development and fruit setting are influenced by the canopy microclimate, the relationship between microclimate and flowering and fruiting mechanisms of different canopy shapes will be studied in our next work.





5. Conclusions


Our study demonstrated that the microclimate and fruit quality parameters within the canopy can be affected by tree shape. The open-center canopy shape of C. oleifera had a greater light intensity and temperature, and a lower relative humidity throughout the whole tree canopy compared with that of the round head canopy shape; moreover, the open-center canopy had a more uniform microclimate distribution. Compared with the round-head canopy, the more desirable microclimatic conditions and uniform microclimate distribution within the open-center canopy, especially the light intensity, contributed to high and uniform fruit quality parameters. Therefore, open-center canopy is an optimal tree shape in C. oleifera production. In addition, regression equations between single canopy microclimatic factors and the oil yield parameters in various developmental periods may be used to evaluate the latter in the two canopy shapes. The optimum light conditions for open-center and round-head canopy shapes were 916–1893 and 1108–1259 μmol·m2·s−1, respectively.
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Figure 1. Different Camellia oleifera canopy shapes. (a) Round-head shape; (b) open-center shape. 
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Figure 2. Fruit image of ‘Xiang Lin 27’ Camellia oleifera. 
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Figure 3. Top and lateral views of Camellia oleifera canopy partitions. N, north; E, east; S, south; and W, west. (a) Top view; (b) lateral view. 
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Figure 4. Oil yield parameter distributions in different layers of open-center and round-head canopies. ORS, oil content ratio in the dry seed; ORF, oil content ratio in the fresh fruit; OY, oil yield. The X-axis shows the distance in east (+) and west (−) directions from the trunk. The Y-axis shows the distance in south (+) and north (−) directions from the trunk. Lowercases a, b, and c indicate the different development periods, January to February, July to September, and October, respectively. Subscripts 1, 2, 3, and 4 indicate the different canopy layer, upper layer of open-center canopy, upper layer of round-head canopy, lower layer of open-center canopy, and lower layer of round-head canopy, respectively. 
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Figure 5. Light intensity distributions in different layers of open-center and round-head canopy shapes during the different developmental periods. The X-axis shows the distance in east (+) and west (−) directions from the trunk. The Y-axis shows the distance in south (+) and north (−) directions from the trunk. Lowercases a, b, and c indicate the different development periods, January to February, July to September, and October, respectively. Subscripts 1, 2, 3, and 4 indicate the different canopy position, upper layer of open-center canopy, upper layer of round-head canopy, lower layer of open-center canopy, and lower layer of round-head canopy, respectively. 
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Figure 6. Temperature distributions in different layers of open-center and round-head canopy shapes during the different developmental periods. The X-axis shows the distance in east (+) and west (−) directions from the trunk. The Y-axis shows the distance in south (+) and north (−) directions from the trunk. Capitals A, B, and C indicate the different development periods, January to February, July to September, and October, respectively. Subscripts 1, 2, 3, and 4 indicate the different canopy position, upper layer of open-center canopy, upper layer of round-head canopy, lower layer of open-center canopy, and lower layer of round-head canopy, respectively. 
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Figure 7. Relative humidity distributions in different layers of open-center and round-head canopy shapes during the different developmental periods. The X-axis shows the distance in east (+) and west (−) directions from the trunk. The Y-axis shows the distance in south (+) and north (−) directions from the trunk. Capitals A, B, and C indicate the different development periods, January to February, July to September, and October, respectively. Subscripts 1, 2, 3, and 4 indicate the different canopy position, upper layer of open-center canopy, upper layer of round-head canopy, lower layer of open-center canopy, and lower layer of round-head canopy, respectively. 


