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Abstract

:

Solar radiation is a key factor influencing the photosynthesis and transpiration of trees. In mountainous regions, solar radiation income exhibits strong spatial heterogeneity due to topographical variations and the structural complexity of the forest. However, how the solar radiation income of individual trees in different social positions varies with slope position remains unclear. In this study, the daily solar radiation of the horizontal ground (Rh), different slope positions (i.e., at different locations on a hillslope, Rs) and individual trees with different social positions in the forest (Ri) were monitored from May to October in 2020 and 2021. The daily solar radiation income of a single hillslope (Rf) was applied to quantify the Rs response to the slope and aspect (i.e., slope effect) and the shade from the opposite mountain (i.e., shaded terrain effect). Our results showed that the Rf was 27.8% lower than Rh due to the slope effect of the sample slope. In the different slope positions, 2.7%–46.9% of solar radiation was lost due to the shaded terrain effect. A stronger limitation of Rs by the shaded terrain effect was detected on the bottom slope compared to that of the upper slope. The better the social position of an individual tree (i.e., tree dominance (Dom) and the distance between trees (D)), the more solar radiation it received, ranging from 22.4 to 95.3%. The dominant factor contributing to changes in Ri was slope position followed by D and Dom and, finally, Rh. These results provide an important basis for understanding the role of topography and tree social positions in solar radiation income in mountainous regions. Forest management measures should be varied with slope positions in mountainous regions, and forest density (i.e., distance between trees) should be considered as a key factor to optimize the forest functions.
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1. Introduction


Solar radiation is one of the main environmental signals affecting plant biology, controlling multiple physiological responses [1,2], such as photosynthesis, transpiration and morphogenesis [3,4], with consequences for tree growth [5,6,7,8], which in turn can have an impact on forest productivity [9]. Solar radiation income often shows a high degree of spatial heterogeneity as a result of complex topographical variations and the spatial structure of trees [7,10,11,12,13,14], especially in mountain forests [15,16]. The accurate assessment of the effect of topography and the vertical and lateral position of trees in the forest (i.e., the niche of a tree in a forest is called social position in plant ecology) [17] on solar radiation income is essential for the measurement of solar radiation in mountain forests. Topography variations (such as slope gradient and aspect and the shadows cast by the surrounding topography) have a direct effect on solar radiation income [10,18,19,20,21]. At present, many studies of solar radiation in mountainous regions often focus on the difference in solar radiation income on various hillslopes [11,12,22]. For example, in the Northern Hemisphere, south-facing slopes generally receive a greater amount of solar radiation [23]. Other studies have focused on topographic shading effects [24,25]. The shaded terrain effect by topography leads to a significant reduction in solar radiation income on hillslopes [16]. However, few studies have considered the differences in solar radiation income at different slope positions on hillslopes and whether the shaded terrain effect is consistent at different slope positions.



The solar radiation income of individual trees within forests on hillslopes is also affected by the tree’s spatial structure (i.e., the spatial structure of the tree in both the vertical and horizontal orientation). The essence of the social position of individual trees can describe the spatial information of trees well, which is influenced by different environmental conditions for each tree (i.e., the relative size and distance between the reference tree and its neighbors) and, hence, individuals generate specific social position features [26,27]. The social position of trees determines the living space and available water and radiation resources. Trees with a dominant social position have a vast living space and plenty of water and radiation resources, causing less competition [17]. The degree of dominance and forest density can be used as a proxy indicator [9,28]. Some studies have suggested that the degree of tree dominance affects its ability to receive solar radiation [29], and dominant trees in a stand receive a greater amount of solar radiation [6,30]. Furthermore, decreasing the forest density increases the fraction of the absorbed solar radiation of trees [28,31,32]. However, in many studies, trees were simply divided into different dominance groups based on their relative height or diameter at breast height (DBH) in the forest [7,33,34,35], without considering the shading effects of the surrounding adjacent trees. Assessments of forest density also did not take into account the effect of the social position of individual trees on solar radiation income.



Forests are mainly located in mountainous regions [36]. The rugged mountainous terrain creates a major obstacle to forest management because of the difficult physical approach by men and machines [12,37]. Therefore, it is difficult to accurately quantify the effects of solar radiation income on mountain forests. In addition, forest management is currently focused on the stand scale, i.e., only the stand density is considered without considering the differences in the social location of trees, resulting in the forest management being invalid or only slightly valid [7,38].



To gain a deeper understanding of the effect of topography and social position on the solar radiation income of individual trees, we hypothesize that: (1) solar radiation income is similar at different slope positions; (2) solar radiation income is greater under a more dominant social position. Hence, we aimed to assess the effects of topography and social position on the solar radiation income in a mountainous region, which can help us understand the character of the solar radiation income of trees, so as to make targeted plans for forest management in mountainous regions.




2. Materials and Methods


2.1. Study Site


The study site was located in the small watershed of Xiangshuihe (XSH), Southern Liupan Mountains (106°12′–106°16′ E, 35°27′–35°33′ N) in Ningxia, Northwest China (Figure 1a). XSH has an elevation range of 2010 to 2942 m and a semi-humid climate, with a mean annual air temperature of 5.8 °C and an annual precipitation of 550.8 mm (1981 to 2010); 70% of precipitation occurs in the growing season from May to October. The soil is dominated by gray cinnamon with a sandy loam texture. XSH is a forested watershed with a forest cover of 82.4%, of which plantations account for 24.4%.



The plantations of larch (Larix principis-rupprechtti) are the main components of the plantations in XSH, accounting for 23.6% of the XSH area. Larix principis–rupprechtii is the main tree species used in afforestation in North and Northwest China. Such larch plantations play a very important role in producing timber and ecological services (e.g., soil protection, hydrological regulation and water supply) [39,40]. In larch plantations, the understory shrubs were scattered, covering only approximately 5% of the area. Herbs cover approximately 40% of this area, with the dominant species being Pteridium aquilinum and Carex hancokiana.




2.2. Study Slope and Plots


2.2.1. Study Slope


We selected a representative southeastern slope completely covered by an even-aged pure plantation of Larix principis-rupprechtti. The slope had a horizontal length of 425.1 m (corresponding to a slope length of 460.5 m), with a slope gradient of 22.6° and an elevation range of 2271 to 2480 m. The opposite mountain was the northwest slope with a horizontal length of 1052 m, a slope gradient of 23.5° and an elevation range of 2270 to 2731 m. The horizontal distance between the bottom slope of the opposite mountain and the bottom slope of the sample slope was 82 m (Figure 1b–d).




2.2.2. Study Plots


In 2020, four plots were selected at different slope positions on the sample slope, vertically ranging from 2273 to 2471 m a.s.l. The upper slope (US), middle slope (MS), down slope (DS) and bottom slope (BS) were selected with elevations of 2471 m, 2397 m, 2293 m and 2273 m, respectively (Figure 1). These elevation points contain the whole range of the hillslope and the solar radiation received through these elevations can represent the difference amounts of solar radiation received on the whole slope. Also, since the shading of the opposite mountain was more obvious nearer to the bottom of the slope, measurement points were set up on both the down slope and bottom slope. The location information of the Larix principis-ruprechtii plantation plots on the study slope were shown in Table 1. The stand characters of each plot were shown in Table 2.





2.3. Social Position of Trees in the Forest


The social position of trees can represent the trees’ vertical and lateral position in the forest. The trees in the forest were divided into four social position levels according to tree dominance (Dom) and distance between trees (D), as shown by Equations (1) and (2).


  D o m =    H i  −  H ¯    H ¯    



(1)




where Hi (m) is the height of the sample tree i and   H ¯   (m) is the average height of all the nearest neighbor trees around the sample tree [17]. The Dom represents the degree of dominance in the vertical direction of the sample tree from neighboring trees.



The distance among trees (D) is defined as the average horizontal distance between the sample tree and its neighboring trees, using Equation (2):


   D i  =  1 n     ∑   j = 1  n    D  i j    



(2)




where Dij (m) represents the horizontal distance between the sample tree i and the neighbor tree j. The Di represents the degree of superiority or inferiority in the horizontal direction of the sample tree from neighboring trees.



In order to better describe the differences in the social position of trees within the forest, the sample plots at the down slope (DS) were used as an example to illustrate the characteristics of the social position of trees. There were 91 trees in the down slope plot, with a mean tree height (H) of 19.2 m, a mean diameter at breast height (DBH) of 20.63 cm and a mean crown diameter of 4.5 m (Table 2). All trees in the plot were divided into four social position levels according to tree dominance (Dom) and the distance between trees (Di). The vertical structure characteristics of the four social position levels are shown in Table 3.




2.4. Sample Tree Selection from the down Slope Plot (DS)


In the down slope plot (DS), one to two representative trees from each social position level were selected as sample trees using a stratified random sampling method (i.e., sample trees that can represent the average of this level). Therefore, we selected a total of seven sample trees, and the DBH varied in the range of 15.50 to 25.92 cm, the tree height ranged from 17.2 to 21.8 m and the canopy diameter ranged from 3.5 to 5.2 m (shown in Table 4).




2.5. Solar Radiation Measurement


2.5.1. Solar Radiation Data Conversion


The standard for measuring solar radiation utilizes the units of watts per meter squared (W m−2). However, pyranometers are both costly and limited in their ability to measure the solar radiation of individual trees in the slope field. With a lower cost, smaller size and more flexible installation, light meters measure luminous flux per unit area (illuminance), utilizing the units of lumens per meter squared or lux (lx). An effective conversion factor between watts per meter squared and lux would enable the use of light meters to evaluate the differences in the solar radiation in individual tree levels. Additionally, surveys of the literature have found no definitive and readily available “rule of thumb” conversion standard between solar radiation and illuminance data.



In this study, we converted the illuminance data (lx) into solar radiation data (W m−2) using Equation (3) (Figure 2). This equation was established based on data recorded from a pyranometer in an automatic weather station (Weatherhawk 232; WeatherHawk Inc., Logan, UT, USA) and a light meter (HOBO MX2202; Onset Computer Corp., Bourne, MA, USA). An automatic weather station and a light meter were installed at the same position (i.e., 1.3 m above the ground and the distance between them was 1.0 m) on open and flat horizontal ground approximately 100 m from the sample slope. The data concerning total solar radiation arriving on horizontal ground were collected every 5 min by an automatic weather station (Weatherhawk 232; WeatherHawk Inc., Logan, UT, USA) from May to October in 2020. Radiation data were collected every 5 min by a light meter (HOBO MX2202; Onset Computer Corp., Bourne, MA, USA) from May to October in 2020.


  y = 0.009 x − 1.360  



(3)




where y (W m−2) represents the solar radiation and x represents the illuminance (lx).




2.5.2. Solar Radiation of Individual Trees


The daily solar radiation income of individual trees (Ri, MJ m−2 day−1) was measured with a light meter (HOBO MX2202; Onset Computer Corp., Bourne, MA, USA), which was installed at the top of the canopy of each of the seven sample trees. The sensor height of the sample trees is shown in the “Tree Height” column in Table 4. The data concerning the radiation arriving at the top of the canopy were collected every 5 min by the light meter (HOBO MX2202; Onset Computer Corp., Bourne, MA, USA) from July to October 2020 and May to October 2021.




2.5.3. Solar Radiation over the Forest Canopy


The daily solar radiation income over the forest canopy (i.e., outside the forest) on the sample hillslope (Rs, MJ m−2 day−1) was measured in each of the four slope plots (i.e., US, MS, DS and BS) with four light meter loggers (HOBO MX2202; Onset Computer Corp., Bourne, MA, USA) at a height of 1.3 m above the ground. The data concerning the radiation arriving at different slope positions were collected every 5 min by the light meter (HOBO MX2202; Onset Computer Corp., Bourne, MA, USA) from July to October 2020.




2.5.4. Solar Radiation at the Horizontal Ground Measurement


The daily solar radiation income of the horizontal ground (Rh, MJ m−2 day−1) was measured using the pyranometer of an automatic weather station (WeatherHawk 232, WeatherHawk Inc., USA), installed on open and flat horizontal ground approximately 100 m from the sample slope and at a height of 1.3 m above the ground [41]. The data concerning the total solar radiation arriving on horizontal ground were collected every 5 min by an automatic weather station (Weatherhawk 232; WeatherHawk Inc., Logan, UT, USA) from May to October in 2020 and 2021.





2.6. The Calculation of Solar Radiation on a Single Hillslope


The daily solar radiation income of the single hillslope (Rf) was introduced as a reference parameter (that is, the solar radiation of the slope is not affected by the surrounding mountains) and was calculated using the Fu (1958) model [10,42] as follows:


   R f  =   μ sin δ + ϑ cos δ cos ω − sin β sin α cos δ sin ω    R h   



(4)






   μ = sin φ cos α + cos φ sin α cos β    ϑ = cos α cos φ − sin φ sin α cos β   



(5)




where Rf (MJ m−2 day−1) represents the daily solar radiation income of the single hillslope,  β  (°) represents the slope direction (expressed as the azimuth clockwise from north to east) and the slope gradient  α  (°);  δ  (°) is the declination;  ω  (°) is the hour angle; and  φ  (°) is the latitude of the measurement point. The u and v are the composite parameters of the slope gradient  α  (°), the slope direction  β  (°) and the latitude of the measurement point  φ  (°) using Equation (5).




2.7. Relative Contribution of ΔH/Δd, R, Dom and D to Solar Radiation Received by an Individual Tree


The relative independent contributions of ΔH/Δd (the ratio of the height difference to the horizontal distance between the sample point and the top of the opposite mountain, i.e., different slope positions, Δ represents the difference value), Rh, Dom and D to Ri were quantified using the coupled Ri model, and this model was constructed in the Results Section 3.4. The method for determining the relative contribution of each factor to Ri involved a comparison of the difference in the response variable (Ri in this study) between the simulation with only one varying factor (e.g., ΔH/Δd, Rh, Dom and D) and the reference Ri.



The relative independent contributions of ΔH/Δd, Rh, Dom and D to Ri were calculated using Equations (6) and (7) [39]:


   C k  =   Δ  R i  ( k )    R i  ( r e f e r e n c e )   × 100  



(6)






  Δ  R i  ( k ) =  R i  ( k ) −  R i  ( r e f e r e n c e )  



(7)




where Ck (%) is the independent contribution rate of each factor k (ΔH/Δd, Rh, Dom and D) to the solar radiation of individual trees (Ri) compared to reference Ri. The reference Ri in this study was calculated using the developed Ri model and the value of ΔH/Δd (0.0, i.e., the sample point has no shaded terrain effect), the long-term means of the Rh (9.32 MJ m−2 day−1, 2013–2021) and the means of Dom (0.001) and D (2.01 m) from all the sample trees (835 trees) on the hillslope. This reference Ri value could represent the long-term mean environmental conditions and social position in this study hillslope. Ri (k) was calculated by inputting the measured value of factor k and the reference values of other factors into the Ri model.




2.8. Statistical Analysis


To clarify how Ri responds to each single factor (Dom and D) and the appropriate function type between Ri and Dom and D, the upper boundary line method [43], which can present the real relation between Ri and a single factor by eliminating the interferences of other factors, was used to determine the Ri–Dom and Ri–D relation. The upper boundary line was widely used in the establishment of compound models with independent factors as indicators [39].



Statistics were analyzed by the Statistical Product and Service Solutions (SPSS), version 19.0 (IBM Inc., Chicago, IL, USA) and presented as the mean ± standard deviation (SD). The differences in the solar radiation income at the varying slope positions and social positions was analyzed by one-way analysis of variance (ANOVA) with a significance level of p < 0.05, and the letters a and b indicate significant differences [41]. The performance of the model was assessed using the coefficient of determination (R2) [39].





3. Results


3.1. Variation of Solar Radiation at Different Slope Positions


The mean daily solar radiation income at different slope positions (Rs, slope gradient of 27.8°, slope aspect of 135°) was less than that of the horizontal ground (Rh) (Figure 3). The mean Rs at the upper slope (US) and the middle slope (MS) was slightly lower than the Rh (7.03 MJ m−2 day−1) by 1.20 MJ m−2 day−1 and 1.60 MJ m−2 day−1, respectively. However, Rs was even lower on the down slope (DS) and the bottom slope (BS), accounting for only 49.9% and 46.9% of Rh.



Daily solar radiation income of the single hillslope (Rf) was significantly lower than the Rh, accounting for 72.2% of the Rh (Figure 4a). In addition, the Rs was always less than the Rf at the four slope positions by 2.7%–46.9%. The response trend of the Rs to the Rf could be expressed by a saturated logarithmic function, and the threshold of Rs decreased gradually with decreasing slope position (Figure 4b). When Rf was 8.46 MJ m−2 day−1, the difference in solar radiation income between US and MS was not significant, and the corresponding thresholds were 8.23 MJ m−2 day−1 and 8.10 MJ m−2 day−1, respectively. However, the difference in Rs was more pronounced at the DS and BS than at the US, and the corresponding threshold was 5.58 MJ m−2 day−1 and 4.49 MJ m−2 day−1, respectively.



The response trend of Rf—Rs to ΔH/Δd (i.e., the ratio of the height difference to the horizontal distance between the sample point and the top of the opposite mountain) could be expressed by a power function, and Rf—Rs first increased slowly with increasing ΔH/Δd until 0.26 and then increased rapidly (Figure 4c). This indicated that the sample plot was not affected by the shaded terrain effect of the opposite mountain if the Rf—Rs was less than 0.5 MJ m−2 day−1. In addition, the slope effect was always greater than the shaded terrain effect at MS and US, while the shaded terrain effect was more important than the slope effect at DS and BS (Figure 5).




3.2. Effect of Tree Social Position on Its Solar Radiation


The better the social position of an individual tree, the more solar radiation (Ri) it received (Figure 6). Ri at the dominant level was the largest, followed by Ri at the codominant level and intermediate level and, finally, the suppressed level. The mean Ri of the dominant level (4.82 MJ m−2 day−1) was 1.1 times, 2.0 times and 2.4 times more than the codominant level, the intermediate level and the suppressed level, respectively.



The Ri increased linearly with increasing daily solar radiation income from clearings outside of the forest on the sample slope (Rs) for the four social position levels, ranging from 22.4% to 95.3% (Figure 7a). The relationship between Ri at the dominant level and Rs was more sensitive than that of any other level. For example, the highest coefficient of determination (R2) of the dominant levels was 0.978, which was 1.0, 1.1 and 1.5 times higher than the codominant, intermediate and suppressed levels, respectively. The UBLs in Figure 7b show that Ri gradually increased with the increasing dominance of trees (Dom) following a linear function, namely, Ri = e × Dom + f. Ri first increased rapidly with increasing distance between the trees (D) until 4.5 m and then gradually stabilized around the maximum value as D continued to increase (Figure 7c). The relation between Ri and D could be expressed by a saturated logarithmic function, namely, Ri = g × ln(D) + h.




3.3. The Construction of the Tree Solar Radiation Model and Its Validation


To understand the effect of topography and social position on the solar radiation income of individual trees (Ri), we built a solar radiation model of individual trees, which combined with the results of Section 3.1 and Section 3.2. The Ri model was given as follows:


   R i  =  R h  × f   t o p o g r a p h y   × f   s o c i a l   p o s i t i o n    



(8)




where Ri (MJ m−2 day−1) represents the daily solar radiation income on the sample tree i, Rh (MJ m−2 day−1) represents the daily solar radiation income of the horizontal ground, and f (topography) and f (social position) are the response functions of Ri to topography and social position factors, respectively. The response function of Ri to topography was obtained by the mathematical substitution method. The response functions of Ri to social position (i.e., dominance and distance) were obtained by concatenated multiplication since the solar radiation of individual trees showed a positive correlation with both dominance and the distance between trees (Figure 7b,c).



In addition, combining the methods in Section 2.6, the Ri model can be estimated by Equation (9):


   R i  = (  a × (    μ sin δ + ϑ cos δ cos ω − sin β sin α cos δ sin ω    R h  − b ×       Δ H   Δ d      c   ) + d  ) ×   e × D o m + f   ×   g × ln  D  + h    



(9)




where Ri (MJ m−2 day−1) represents the daily solar radiation income of individual trees, β (°) represents the slope direction (expressed as the azimuth clockwise from north to east) and the slope gradient α (°); δ (°) is the declination; w (°) is the hour angle; and ψ (°) is the latitude of the measurement point. u and v are the composite parameters of the slope gradient α (°), the slope direction β (°) and the latitude of the measurement point ψ (°) using Equation (5). Rh represents the daily solar radiation income of the horizontal ground, ΔH/Δd represents the ratio of the height difference to the horizontal distance between the sample point and the top of the opposite mountain, Dom represents the social position levels of the sample trees, D represents the mean distance between the sample tree and neighboring trees and the a, b, c, d, e, f, g and h values represent the model parameters that need to be determined by the solar radiation data.



All parameters of the Ri model were newly fitted using observed data on the sample slope (slope 27.8°, aspect 135°) from July to October 2020, and the Ri model was further validated using the observed data from May to October 2021, Figure 8. The results indicated that the Ri model could still accurately estimate the varying Ri with a high R2 value (0.83, n = 657). The simulated mean value (4.13 MJ m−2 day−1) was 16.3% greater than the observed mean value (3.55 MJ m−2 day−1). The Ri model of the sample slope was as follows:


   R i  = (  0.296 × (  0.722  R h  − 107.617       Δ H   Δ d       3.963    ) + 0.950  ) ×   2.132 D o m + 2.032   ×   0.989 ln  D  − 0.426        R 2    =   0.83  



(10)







In addition, the Ri model accuracy of rain-free days was 0.01 greater than that of the weather-independent model (Figure 8a), with R2 = 0.84, and the accuracy of the Ri model fit was low for rainy days with R2 = 0.61.


   R i  = (  2.067 × (  0.722  R h  − 107.617       Δ H   Δ d       3.963    ) − 1.909  ) ×   3.786 D o m + 2.667   ×   0.789 ln  D  − 0.593        R 2    =   0.84  



(11)






   R i  = (  0.760 × (  0.722  R h  − 107.617       Δ H   Δ d       3.963    ) + 0.314  ) ×   4.414 D o m + 0.825   ×   1.078 ln  D  + 4.582        R 2    =   0.61  



(12)








3.4. Independent Contributions of ΔH/Δd, Rh, Dom and D to Ri


The relatively independent contribution of ΔH/Δd, Rh, Dom and D to Ri compared to the long-term mean of reference Ri is shown in Figure 9. The ΔH/Δd, Rh and Dom exerted slight negative effects on Ri, with contribution rates of −18.4%, −4.5% and −6.9%, respectively, while D had an obviously positive effect on Ri, with a contribution rate of 16.0%. This indicated that variations in slope position had a greater effect on Ri than social position and Rh (i.e., weather variations), and the dominant social position factor affecting the change in Ri was D.



The response of Ri to D exhibited the same trend at different slope positions and different Dom levels, and an obviously higher rate of increase occurred under higher Dom levels (Figure 10). For example, given the ΔH/Δd value of 0.1 and Dom value of 0.3, the effect of D on Ri only gradually decreased when D was greater than 6.0 m, while given the ΔH/Δd value of 0.1 and Dom value of −0.3, Ri stabilized when D was greater than 3.0 m.



There was a significant difference in the effect of D on Ri under different slope positions (i.e., different ΔH/Δd values) (Figure 10). The difference in Ri at different Dom levels gradually decreased as ΔH/Δd values increased, especially after ΔH/Δd > 0.26. For example, given the ΔH/Δd value of 0.1 and Dom value of 0.3, the Ri was above the multi-year means (9.32 MJ m−2 day−1) if the D values were higher than 4.0 m. However, given the ΔH/Δd value of 0.45, the Ri was always less than 9.32 MJ m−2 day−1 regardless of the value of Dom. This indicated that the higher the ΔH/Δd value (i.e., the lower the slope position), the weaker the effect of the social position of trees (both Dom and D).





4. Discussion


4.1. The Role of Topography on Solar Radiation: Slope Effect and Shaded Terrain Effect


In this study, the solar radiation income on the sample slope (slope 27.8°, aspect 135°) was lower than that of the horizontal ground (Figure 3). Similar results were obtained in earlier studies [45,46]. This was mainly because of the slope effect (i.e., slope and aspect) and the shaded terrain effect caused by the opposite mountain [25,47]. Since the slope effect of solar radiation income was the same on a hillslope [42,48], the difference in solar radiation income at different slope positions was mainly caused by different shaded terrain effects. Therefore, we rejected the first hypothesis that the solar radiation income was similar at different slope positions.



The difference in the shaded terrain effect was due to the different blocking effects of topographic features (that is, the distance and elevation difference from the sample slope) [21,49,50]. Our research showed that the shaded terrain effect did not limit solar radiation income on the slope when above the middle slope (i.e., the ratio of the elevation difference to the distance between the sample point and the top of the opposite mountain was satisfied (ΔH/Δd) < 0.26) (Figure 4). This was mainly because the solar radiation income above the mid-slope was not affected by mountain shading due to the difference in height at US and MS, with the opposite mountain being reduced and the distance between the opposite mountain being increased. This was consistent with the result indicating that the forest above the middle slope was not affected by shaded terrain [37].




4.2. The Distance among Trees Was the Dominant Factor for Tree Solar Radiation


The social position of trees (including dominance of trees and distance between trees) was unique for each tree in the forest [14]. Our results suggested that the higher the social position of the individual tree, the more solar radiation it received (Figure 6). This result was completely consistent with our second hypothesis. This was primarily because the trees located in the dominant canopy, which were less shaded by neighboring trees because of a relatively higher tree height [51], could receive more solar radiation [6,7]. Solar radiation income increased as the distance between trees increased (Figure 7), which was consistent with the result indicating that an increase in the distance between trees resulted in greater intakes of solar radiation [52].



However, the contribution of the distance between trees to Ri was more important than that of dominance (Figure 9) because the vertical shading effect among trees weakened as the distance between trees increased [53]. Moreover, the solar radiation income of individual trees increased slowly when the distance between trees was above 4.5 m (Figure 7c), indicating that these trees obtained sufficient solar radiation and the distance between trees was no longer a key factor limiting solar radiation income. This was consistent with the finding that competition among neighbors within 5 m reduced the growth rate due to limited light resources [7,54].




4.3. Applications of the Newly Developed Ri Model


The Ri model developed in this study exhibited a satisfactory performance in estimating the daily solar radiation income of individual trees. The simulated value was 16.3% higher than the observed value since the impacts of leaf variation on solar radiation income were not considered [44]. When simulating only rainy days, the model accuracy was lower at R2 = 0.60 (Figure 8c). This was mostly because on rainy days, cloud cover and ground humidity (changing albedo) in turn affected solar radiation income [55,56]. The developed Ri model couples the effects of topography (including latitude, longitude, elevation, slope and aspect) and the social position of trees (both horizontal distance and vertical dominance), which can easily be obtained in different mountain regions. Foresters could choose suitable measurements according to their actual conditions. For example, horizontal ground solar radiation data can be obtained from ground weather stations, topographic data can be obtained from remote sensing monitoring and the social position of trees can be obtained through field surveys [57].



The Ri model can be used to explain tree growth and thereby regulate forest productivity. For example, a study on this sample slope showed that the cumulative seasonal growth of the down slope plot (1.08 mm) was significantly less than that of the upper slope plot (1.54 mm) because high solar radiation facilitates photosynthesis of organic matter for tree growth and increases air temperature [58]. In addition, on this sample slope, previous transpiration studies focused on the stand scale because of the lack of environmental characteristics of individual trees [37,59,60]. The Ri model in this study accurately predicted the solar radiation received by individual trees, which can be beneficial in explaining the differences in the transpiration of trees. In summary, a series of mountain forest management plans (e.g., thinning) can be made based on the topographic conditions and social position of trees using the developed Ri model to improve the forest structure and alleviate the adverse effects of shade on the solar radiation income of trees.




4.4. Implications for Mountain Forest Management


The solar radiation income of individual trees in forests depended on topographic and social positions. Therefore, different management measures should be adopted for trees at different slope positions and different social positions to promote the receipt of more solar radiation. Our research suggests that the social position of trees (especially the distance between trees) has relevance for mountain forest management.



Different forest management measures should be implemented at different slope positions. When ΔH/Δd > 0.26, the solar radiation income of these slope positions was significantly affected by the shaded terrain effect of the opposite mountain; therefore, the forest density should be reduced by increasing the distance between trees so that residual dominant trees can obtain more solar radiation during the hours of sunshine. For example, given a ΔH/Δd of 0.40 and a Dom of 0.3, the trees can receive a maximum Ri (8.79 MJ m−2 day−1) at a distance between trees of 10.0 m (Figure 10).



However, when ΔH/Δd < 0.26, the shaded terrain effect was almost negligible for the forest, and the shading of adjacent trees was the main factor affecting the solar radiation income of individual trees. The proportion of trees with different social positions can be adjusted by implementing thinning to reduce the light competition among trees. For example, given a ΔH/Δd of 0.10, the daily Ri will be above 9.32 MJ m−2 day−1 when the Dom values are 0.2 and 0.3 with D values of 6.5 m and 4.0 m, respectively (Figure 10).




4.5. Limitations of This Study


The Ri model established in this study can calculate the solar radiation income of trees at any location on the slope. However, due to the experimental conditions, this study only monitored the actual solar radiation income of trees on a sample down slope, so the differences in the solar radiation income of trees in different slope positions could not be verified. Therefore, the reliability of the model estimation will be improved when the model parameters are fitted using the data from more mountainous regions [61].





5. Conclusions


This study focused on the effects of topography and social position on the solar radiation income of individual trees. The slope effect resulted in lower solar radiation income on the hillslope, which was 27.8% lower than that of the horizontal ground. In the different slope positions, 2.7% to 46.9% of solar radiation was lost due to the shaded terrain effect. Solar radiation income above the middle slope was basically unaffected by the shading of the opposite mountain. The more dominant the tree’s social position, the more solar radiation it received, ranging from 22.4% to 95.3%. The dominant factor contributing to the changes in Ri was the distance between trees, and Ri was basically stable when the distance between trees was greater than 4.5 m. The Ri model covered the effect of topography and the social position of individual trees, which explained 83.0% of the observed Ri variation.



These results advanced our understanding of the role of topography and tree social positions of solar radiation income in mountainous regions. Therefore, different forest management strategies should be developed at different slope positions, and the distance between trees should be selected as the main management measure to facilitate the precise adjustment of stand structure design, ensuring that residual trees receive more solar radiation.
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Figure 1. Information about the locations of the study sample plots and sample trees. (a) Location of the Xiangshuihe (XSH) study watershed in NW China. (b) The location of plots (US, MS, DS and BS represent the upper, middle, down and bottom slope) along slope positions on the sample hillslope. (c) The detailed terrain of the study slope and opposite slope. (d) The valley cross-section. 
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Figure 2. Relationship between solar radiation and illuminance data. 
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Figure 3. The differences in solar radiation income at various slope positions. (Rh represents the daily solar radiation income of horizontal ground; US represents the upper slope; MS represents the middle slope; DS represents the down slope; BS represents the bottom slope). 1.5 times IQR (interquartile range) was used to determine the anomalous values. Groups marked by different letters significantly differ from each other (i.e., a is significantly greater than b) (p ≤ 0.05). 
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Figure 4. Effect of topographic change on solar radiation income on the hillslope. (a) The relationship between Rf and Rh. Rh represents the daily solar radiation income of the horizontal ground; Rf represents the daily solar radiation income of the single hillslope. (b) The relationship between Rs and Rf in different slope positions. Rs represents the daily solar radiation income outside the forest on the sample slope. The solid black line in (b) represents Rf = Ri. (c) The relationship between slope position and shade terrain effect. (Rf—Rs) represents the shaded terrain effect of the opposite mountain; ΔH/Δd represents the ratio of the height difference to the horizontal distance between the sample point and the top of the opposite mountain (i.e., the variation of the slope position), the ΔH value represents the elevation difference between the sample point and the opposite mountain top; the Δd value represents the horizontal distance between the sample point and the opposite mountain top; upper slope (US), middle slope (MS), down slope (DS) and bottom slope (BS). The (ΔH/Δd < 0.26) was the threshold indicating that the sample point has no shaded terrain effect, that is, Rf—Rs < 0.5 MJ m−2 day−1. 
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Figure 5. Comparison of the slope effect and the shaded terrain effect at different slope positions. Rslope represents the slope effect (i.e., Rh—Rf). 
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Figure 6. The differences in the solar radiation income of individual trees among social position levels in the down slope plot. Groups marked by different letters significantly differ from each other (i.e., a is significantly greater than b) (p ≤ 0.05). 
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Figure 7. Effect of social positions on the solar radiation income of individual trees. (a) Response of Ri to Rs. (Ri represents the daily solar radiation income of individual trees; Rs represents the daily solar radiation income outside the forest of the sample slope). (b) Response of Ri to Dom (Dom represents the social position levels of the sample trees). (c) Response of Ri to D. (D represents the mean distance between the sample tree and neighboring trees). The upper boundary line (UBL) method [44] was used to determine the response function types of Ri to Dom and D. 
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Figure 8. Comparison of the observed and simulated Ri values based on Equations (10)–(12) under the different weather conditions. (a) Comparison of the observed and simulated Ri values for all days. (b) Comparison of the observed and simulated Ri values for rain free days. (b) Comparison of the observed and simulated Ri values for all days. (c) Comparison of the observed and simulated Ri values for rainy days. 
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Figure 9. Relative contribution rate of Rh, Dom and D to the daily solar radiation income of individual trees (Ri) compared to a reference Ri. The reference Ri was modeled by Equation (10) with the long-term means of Rh, the ΔH/Δd value of 0 (Figure 5c) and the mean Dom and D of the 835 sample trees on the hillslope. (ΔH/Δd represents the ratio of the height difference to the horizontal distance between the sample point and the top of the opposite mountain (i.e., the variation of slope position); Rh represents the daily solar radiation income of the horizontal ground; Dom represents the social position levels of sample trees; D represents the mean distance between trees and neighboring trees). 
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Figure 10. Variation in the simulated Ri with Rh at different Dom and slope position levels by the Ri model (Equation (10)). The value of Rh of 9.32 MJ m−2 day−1 used the long-term mean values from 2013 to 2021. ΔH/Δd represents the ratio of the height difference to the horizontal distance between the sample point and the top of the opposite mountain. ΔH/Δd = 0.26 was the threshold indicating that the sample point had no shaded terrain effect (Figure 4c). 
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Table 1. The location information of Larix principis-ruprechtii plantation plots on the study slope.






Table 1. The location information of Larix principis-ruprechtii plantation plots on the study slope.





	Plot Positions
	Elevation (m)
	Slope Gradient (°)
	Elevation Difference (ΔH)
	Horizontal Distance (Δd)





	Upper slope (US)
	2471
	26.3
	259
	1501



	Middle slope (MS)
	2397
	26.8
	333
	1339



	Down slope (DS)
	2293
	29.0
	437
	1092



	Bottom slope (BS)
	2273
	34.9
	457
	1050







The ΔH represents the elevation difference between the sample point and the opposite mountain top; the Δd represents the horizontal distance between the sample point and the opposite mountain top.
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Table 2. The stand characteristics of Larix principis-ruprechtii plantation plots on the study slope.






Table 2. The stand characteristics of Larix principis-ruprechtii plantation plots on the study slope.





	Plot Positions
	Stand Density (Trees ha−1)
	Mean Diameter at Breast Height (cm)
	Mean Tree Height (m)
	Mean Canopy Diameter (m)





	Upper slope (US)
	856
	21.83
	19.4
	4.5



	Middle slope (MS)
	844
	22.29
	20.0
	3.7



	Down slope (DS)
	742
	20.63
	19.2
	4.5



	Bottom slope (BS)
	711
	21.40
	19.5
	4.4
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Table 3. The vertical structure characteristics of Larix principis-rupprechtii plantation plot in the down slope (DS) (means ± standard deviations).






Table 3. The vertical structure characteristics of Larix principis-rupprechtii plantation plot in the down slope (DS) (means ± standard deviations).





	Tree Social

Position Levels
	Number of Trees
	Mean Diameter at Breast Height (cm)
	Mean Tree Height (m)
	Mean Canopy Diameter (m)





	Dominant
	8
	25.30 ± 1.7
	21.8 ± 1.8
	4.9 ± 0.5



	Codominant
	40
	21.19 ± 2.2
	19.8 ± 1.4
	4.6 ± 0.4



	Intermediate
	31
	19.16 ± 1.9
	18.6 ± 1.7
	4.3 ± 0.6



	Suppressed
	12
	15.40 ± 2.5
	17.1 ± 2.3
	3.6 ± 0.5
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Table 4. The characteristics of seven sample trees in the down slope plot (DS).






Table 4. The characteristics of seven sample trees in the down slope plot (DS).





	
Tree Social

Position Levels

	
Tree No.

	
Dom

Value

	
D

Value (m)

	
Diameter at Breast Height (cm)

	
Tree

Height (m)

	
Canopy Diameter (m)






	
Dominant

	
29

	
0.12

	
4.8

	
25.92

	
21.8

	
5.2




	
57

	
0.11

	
4.5

	
24.34

	
21.5

	
4.8




	
Codominant

	
61

	
0.01

	
3.9

	
21.50

	
19.8

	
4.4




	
69

	
0.00

	
3.3

	
21.11

	
19.6

	
4.6




	
Intermediate

	
43

	
−0.04

	
3.0

	
19.53

	
18.5

	
4.2




	
44

	
−0.04

	
2.9

	
18.82

	
18.4

	
4.0




	
Suppressed

	
81

	
−0.21

	
2.2

	
15.50

	
17.2

	
3.5
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