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Abstract

:

Malus sieversii is a precious wild fruit tree resource, and its sustainable reproduction is of great significance to the conservation of wild fruit tree germplasm resources and the stability of wild fruit forest ecosystems. In recent years, the natural population number and area of distribution of the Malus sieversii have been declining due to pests, water limitations, and human activities. Root sprouts are a primary means of rejuvenation of the Malus sieversii. A reasonable spatial distribution pattern is conducive to the growth of Malus sieversii plants and the ecological restoration of wild fruit forest populations. However, the spatial distribution pattern of root sprouts still needs to be discovered, which constrains our understanding of the mechanisms underlying the damage and management of Malus sieversii. Therefore, this paper examines the study area of the Gilgalang River Malus sieversii forest in Gongliu County, Ili Valley, Xinjiang. The topographic data and high-resolution images were first obtained using ultra-low-altitude photogrammetry and total station measurement techniques, then spatial pattern analysis and standard deviation ellipse analysis were used to investigate the spatial distribution pattern of root sprouts, and, finally, the factors affecting the spatial distribution pattern of root sprouts were investigated by principal component analysis and grey correlation analysis. The results show that: (1) Under-canopy Malus sieversii root sprouts are clustered and randomly distributed along the root system, with the degree of clustering decreasing with increasing distance; (2) Spatial orientation and distance from the maternal plant are the main factor affecting the sprouting of Malus sieversii roots, explaining 73.69% of the total variance; (3) Under sediment accumulation and water erosion, the root sprouts under the canopy are mainly distributed in the downslope direction. The shape is similar to the “clover type”. The results of this study can provide a theoretical basis for conserving Malus sieversii germplasm resources and a solid scientific basis for the ecological restoration of plants under anthropogenic disturbance.
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1. Introduction


The Malus sieversii, also known as the Xinjiang wild apple (Malus sieversii (Ledeb.) Roem.), is the original ancestor of the modern cultivated apple and an important material in apple breeding [1,2], and is a nationally endangered plant with great genetic, ecological, and developmental value. The Malus sieversii is distributed in the Tien Shan region of Central Asia, and in China, mainly in the IIi Valley of the Western Tien Shan in Xinjiang [3]. Disturbances such as excessive deforestation, pest effect, and grazing in recent decades have severely damaged the ecological environment of the Malus sieversii [4] and made natural regeneration extremely difficult, leading to a sharp reduction in the distribution area of the Malus sieversii in Gongliu and Xinyuan counties to one-third of its original size [5], accelerating the reduction of the genetic diversity of the Malus sieversii and posing a severe threat to the safety of germplasm resources. Most rare and endangered plants in their original habitats asexually reproduce to efficiently regenerate [6]; among asexual reproduction modes, root sprouting is among the most important. Understanding the ability of plant root sprouting and the spatial distribution of root sprouts can provide a basis for population regeneration and prediction [7]. However, there is little knowledge about the spatial distribution of the root sprouts of plants, which limits our understanding of the mechanism underlying damaged Malus sieversi ecological restoration and forest management [8,9].



Root sprouting has great significance to in vivo conservation or in situ protection of the Malus sieversii on a global scale [10]. Based on previous research, Zhang, C has established a multi-level conservation and preservation system for the core germplasm of the Malus sieversii in its native habitat, ex situ nursery conservation and in vitro conservation [11]. Cornille used gene flow measurements to study the extent and impact of the hybridization of domesticated apples in wild apple populations [12]. Luo, Q used spectroscopy to build a model for detecting pest levels and getting an accurate picture of the damage to Malus sieversii stands [13]. In addition, root sprouting is an important means of regeneration in traumatized Malus sieversii; the existing studies have mainly focused on root sprouting cultivation techniques [14] and sprouting driving factors [15]. The study of spatial distribution patterns benefits our understanding of the ecological processes of root sprouting and the interrelationship between root sprouting and habitat [16], but no one has studied it yet.



In micro-geomorphology research, scholars mainly use RTK to measure geomorphology [17,18] or measure mound morphology through surface morphology’s height and horizontal components [19], which are laborious and time-consuming methods. Low-altitude photogrammetry, where the object of study is small in volume and area, and the accuracy of measurement is correspondingly demanding [20,21], has been primarily applied in previous studies of biomass estimation [22] and the acquisition of high-precision near-ground aerial imagery [23]. This study uses low-altitude photogrammetry to acquire DOM images and calibrate tree quadrangles against RTK to obtain accurate topographic data efficiently. In recent years, the research on the spatial distribution of species has adopted chiefly the sampling method [24,25] and the no-sample plot method [26]. However, these methods have some flaws, particularly when several blocks have a large spacing between them [27]. The point spatial distribution pattern analysis method can make maximum use of the information contained in the coordinates graph [28], has a strong testing capacity, and has been widely used in the past 20 years to study the spatial distribution and correlation of plant populations [29,30] and the spatial distribution pattern of root sprouts [31]. This information inspired us to restore the Malus sieversii population, which can be achieved by creating a suitable growth environment for root sprouts. However, as a first step, we need to determine the spatial distribution pattern of root sprouts and the leading factors that influence the spatial distribution pattern of root sprouts.



The coastwise segment of the Gilgalang River in Gongli County, Xinjiang, is a typical distribution area for the Malus sieversii in China [32]. However, the local economy is mainly based on animal husbandry, tourism, and farming [33]. Frequent human activity has affected the Malus sieversii forest ecosystem to some extent, and there is an urgent need for research on the ecological conservation of the Malus sieversii. Therefore, this paper investigates the spatial distribution pattern of root sprouting and the factors influencing it, using spatial point pattern analysis and relational grade analysis, respectively, for Malus sieversii along the Gilgalang River on four slopes: east, west, south and north. The objectives of this study were: (1) Explore the main factors affecting root sprouting; (2) Study the spatial distribution pattern of root sprouts under the canopy of the Malus sieversii tree; (3) Analyse the causes of the spatial distribution pattern of root sprouts under the canopy. The research provides a scientific basis for the ecological restoration of the Malus sieversii forest and is essential for conserving the Malus sieversii.




2. Methodology


2.1. Study Site


The study area is in the Gilgalang River Dazhuolesay Gorge, Mohe Township, Gongliu County, Ili, Xinjiang. Geographical coordinates: longitude 82°43′–82°52″ E, latitude 43°10′–43°14″ N. The ditch is 4.5 km north–south and 1.1 km east–west, covering an area of 18,000 ha (Figure 1), and is a typical region of the distribution of the Malus sieversii forest in China [34]. The study area is dominated by low hills and mountains of the geomorphic type, with the terrain being high in the south and low in the north, sloping from east to west, with an elevation of 1100–1600 m. Northern temperate continental arid climate with an average annual temperature of 7.4 °C, a frost-free period of 145 days, 280 mm of precipitation and inverse temperature phenomenon in winter [35]. The study area has the most robust inversion layer cover and more stable climatic characteristics [34]. The soil is dark brown with a deep loess mother material [14]. The distribution of vegetation is characterized by a mixture of typical mountain steppes, meadow steppes, and wild fruit forests. The wild fruit forests are mainly found on shady and semi-shady slopes [36], with the understory forming a multi-level community structure of trees, shrubs and grasses [37].




2.2. Investigation Method


2.2.1. Plot Setting


Four 10 × 10 m square samples, each with 1–5 trees, were selected using the random sample splitting tool in ArcGIS software, taking into account the habitat characteristics, distribution location and growth condition of the Malus sieversii in the study area (Figure 2). The four solstitial points were located and their precise positions were ascertained using a Leica TS06 prism-free total station. A DJI M600 Pro UAV was used to capture high-resolution CCD (Charge-Coupled Device) photos, and Agisoft PhotoScan software was used to create DOM (Digital Orthophoto Map) data, which was then validated against total station measurements.




2.2.2. Root Survey


A systematic survey of the root distribution in four typical sample plots was carried out using the soil profile method. Dig one profile 0.5 m long and 1m deep in each of the four directions (east, west, south and north) at 0.5 m, 1 m, 1.5 m, 2.5 m and 4.5 m from the base of the trunk (20 profiles per tree in total). Each profile was divided into five layers and drew grid lines of 10 × 20 cm in size on the profiles. A statistic classification of the number of diameter of the root system within each profile was made based on size. A letter represents the depth of root burial in each of the five profiles (Figure 2): <5 cm, 6–20 cm, 21–40 cm, 40–60 cm and >60 cm, respectively. Counted the number of root sprouts in each profile.




2.2.3. Root Sprout Survey


Four typical sample plots were selected as standard plants for the survey, which was carried out using a variable diameter circular sample square, the sample square diameter of which depended on the crown. A custom polar coordinate system was established by the polar coordinate method, with the base of the tree as the origin and the direction of the plumb upslope line of the contour as the starting direction to record the location of the root sprouts. Remove the top layer of soil around the seedling (to a depth of 30 cm), expose the root system of the maternal plant, observe the attachment of the seedling to the root system, determine the origin of the seedling (root sprout, stump sprout, live) and measure the distance to the surface (depth of burial). Use a handheld thermometer to determine the land surface and subsurface temperatures at the root emergence site. Other Measurement data included the number of root emergences, root sprouts height, root sprouts thickness, root thickness at the emergence site (buried thickness), species of surrounding grasses, and grass height. Where: (1) The total number of root sprouts from the root system is the number of sprouts (pcs); (2) The height from the ground to the top shoot is recorded as the root sprout height (cm); (3) The thickness data at about 2 cm from the ground is counted as the sprout thickness (cm).





2.3. Research Methods


2.3.1. Spatial Clustering Pattern


The point pattern analysis function was used to analyze the spatial clustering patterns of traumatized Malus sieversii root sprouts in different slope orientations with the following mathematical model:


     K   ( t )  =  (   A   n 2     )    ∑   i = 1  n    ∑   j = 1  n   1   W  ij      I   t       (   u  ij    )  ,    (  i ≠ j  )   
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t denotes the spatial distance; A is the area of the flight domain; n is the number of points;    u  ij     is the distance from point i to j;    I t    is the indicator function; when    u  ij     ≤ t,    I t    = 1,    u  ij     > t,    I t    = 1;    w  ij     denotes the weight, which is the proportion of the circumference of the circle with point i as the center and    u  ij     radius in the area A [38,39].



The spatial correlation of the K   ( t )    function is used so that the k-value is L   ( d )    transformed and the distance is the expected value K. The result includes the expectancy value, the observed value, and the high confidence interval. The L   ( d )    function is calculated as follows:


  L  ( d )  =   K  ( t )  / π   − t  



(2)







L   ( d )    > 0, follow the aggregation distribution; L   ( d )    = 0, follow the random distribution; L   ( d )    < 0, follow the uniform distribution. Expected value > observed value indicates a high degree of dispersion; expected value < observed value indicates a high degree of aggregation.




2.3.2. Standard Deviation Ellipse


The standard deviation ellipse is an essential spatial econometric analysis tool used to measure elements’ spatial variation and distribution characteristics [40]. The main components are the center of gravity (center point), the angle of rotation θ, and the long semi-axis and the short semi-axis. The center of gravity represents the relative position of the spatial distribution of elements in the region. The size of the ellipse represents the degree of dispersion or aggregation of the spatial data, the long semi-axis of the ellipse represents the direction of the data distribution, and the short semi-axis represents the extent of the data distribution; the more significant the difference between the values of the long and short semi-axes, the more pronounced the directionality of the data [23,24].
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Bringing Equation (4) into Equation (3) yields two standard deviation distances, where the maximum standard deviation distance    σ   x ′      is the length of the long axis of the ellipsoid, and the minimum distance    σ   y ′      is the length of the short axis of the ellipsoid, and  θ  is the angle of the direction of rotation of the coordinate system, representing the orientation of a point set.




2.3.3. Principal Component Analysis


The six indicators of root sprouting in Malus sieversii, direction, distance from the maternal plant, relative elevation, burial depth, root sprout diameter, and height, are expressed as Z1, Z2, Z3, Z4, Z5, and Z6, respectively. Principal component analysis was performed using SPSS 20.0 software. First, the original data is standardized. The eigenvalues, contribution rates, cumulative contribution rates, and eigenvectors are calculated, and the principal components with eigenvalues greater than one are extracted. Secondly, the principal component scores of each indicator were calculated based on the model formulae derived from the eigenvalues. Finally, the variance contribution ratio was used as the weights to derive the model formula for the composite score of each strain [41].




2.3.4. Grey Correlation Analysis


Grey correlation analysis is a systematic analysis method. It is used to measure the degree of association between factors based on the degree of similarity or dissimilarity of developments between them. The results of this method differ from ordinary quantitative statistical methods in that they require only a simple operation on a particular difference between the data. The correlation extent is only an external manifestation of the interaction between factors and their influence on each other. The calculation of the grey correlation includes the following data and steps: (1) Transforming the original data; (2) Calculating the correlation coefficient; (3) Finding the degree of association; (4) Calculating the spatial support degree; (5) Calculating the spatial trust degree [42].






3. Results and Analysis


3.1. The Spatial Distribution Characteristics of Root Sprouts


Functional analysis of the spatial distribution of Malus sieversii root sprouts revealed that aggregation and random distribution were characteristic of the spatial distribution of Malus sieversii root sprouts in typical sample plots of different slope orientations (Figure 3). Some of the observations in the four sample areas are greater than the high confidence interval, indicating that the distribution of root-sprouting seedlings of Malus sieversii is random and highly variable. When the observed value is smaller than expected, the spatial pattern type is discrete on the distance scale. The root sprouts in the range of 0–1.215 m in the eastward sample area, 0–0.85 m in the westward sample area, 0–0.612 m in the southward sample area, and 0–1.15 m in the northward sample area belong to a discrete distribution, while the root sprouts in other distance scales belong to an aggregated distribution (Figure 3). The distribution characteristics of the sample area result from long-term adaptation and selection of the biological characteristics of the Malus sieversii population by environmental conditions. As the Malus sieversii grows in mountainous slopes, the root sprouts are influenced by topographical conditions, resulting in an aggregated distribution over part of its range. If a maternal plant of the Malus sieversii and all the root sprouts under its canopy are considered a patch, the collection of all the small and large patches mosaic together constitutes the spatial distribution pattern of the Malus sieversii in the Gilgalang river basin. Aggregate patch distribution increases the chances of population survival by exerting a community effect against the invasion of alien species.



In this study, the SDE (standard deviation ellipse) and mean-centrality parameters were calculated separately for the distribution of root-sprouting seedlings under the canopy of representative wild apple mother plants on different slopes of the mountain range using ArcGIS 10.3 (ESRI, Redlands, CA, USA), and the results are shown in Figure 4 and Table 1.



The distribution of the spatial pattern of root sprouts on the eastern slope of the Malus sieversii trees shows a North East–South West pattern with a rotation angle of 130.64° (Figure 4a). The spatial pattern of root sprouting on the western slope of the Malus sieversii plant shows a North West –South East pattern with a 1.21° angle of rotation (Figure 4b). On the south slope, the spatial distribution of the roots of Malus sieversii plants shows a North West–South East pattern, with a rotation angle of 152.86° (Figure 4c). On the north slope, the spatial distribution of the root sprouting pattern of Malus sieversii shows a North East–South West distribution pattern, with a rotation angle of 51.80° (Figure 4d). In the principal axis direction, the standard deviation of root distribution is 7.61 m on the eastern slope, 8.09 m on the western slope, 6.06 on the southern, slope and 7.86 on the northern slope, with a wide range of root distribution (Table 1). The standard distance difference between the long and short semi-axes indicates that the polarisation of root sprout distribution is more severe on the western and northern slopes than on the eastern and southern slopes (Table 1). The spatial distribution characteristics of sprouting root sprouts of Malus sieversii plants differ between slope directions but are mainly distributed in the downslope direction of the maternal plants (Figure 4).




3.2. Impact of Environmental Factors on Root Sprouts Distribution


The six factors affecting root sprouting (Spatial orientation, distance from the maternal plants, relative elevation, buried thickness, root sprout thickness, and root sprout height) were subjected to principal component analysis (PCA), and the correlation matrix among the parameters was calculated (Table 2). The statistical correlation coefficient matrix shows a strong positive correlation between the spatial orientation of root sprout distribution (hereafter referred to as ‘spatial orientation’) and root sprout depth and a strong negative correlation with distance. There is a negative correlation between distance and buried thickness. Relative elevation shows a strong positive correlation with root sprouting height and buried thickness, and root buried thickness and height have a strong positive correlation.



We calculated the eigenvalues, variance contribution, and cumulative variance contribution of each principal component and the loading matrix of each parameter (Table 3). As can be seen from Table 3, the first two principal components explain nearly 73.69% of the total variance, with an eigenvalue of 3.381 for the first principal component and 1.04 for the second principal component. According to the principle that the first m components with eigenvalues greater than one are selected as principal components, the first two principal components can be selected for analysis. The variance contribution of the 1st principal component was 56.35%, which had a strong positive correlation with direction, root sprouting depth, and root sprouting height (Table 4). This shows that the spatial orientation, buried thickness, and root sprout height are vital factors influencing root sprouting and may be related to relative elevations, because relative elevations determine the buried thickness of root sprouting. The Z1 negatively correlates with distance because the root sprouting rate decreases with increasing distance from the maternal plant. The Z2 contribution is lower than that of the Z1, which mainly reflects the growth condition of root sprouts. Thus the Z1 can genuinely reflect the sprouting conditions of root sprouts. The spatial orientation factor determines the germination conditions of root sprouts.



We conducted a spatial correlation analysis between the spatial distribution of root sprouts under the canopy of Malus sieversii and the sloping topography to explore the response mechanism of topographic elements to the cross-coupling of root sprout spatial distribution. Root sprouts are “clover-type” distribution on both sides of the parent plant and downhill due to the sub-canopy topography (Figure 5). The probability of root sprouting is lower in the upslope direction than in the downslope direction due to the deeper root burial and poorer root sprouting conditions. Root sprouts are mainly distributed in the downhill and flat slope directions of the canopy, (Table 5), 110°–150° and 210°–250° (custom polarized southern slope as an example). This area is the main direction of flow due to the influence of the Malus sieversii root platform. The platform slows down the muddy water flow so that the sediment carried by the water is mainly deposited here, forming two small alluvial fans in the shape of an “eight” on the microtopography. This microtopography increases the depth of root burial, increasing the difficulty of root sprouting and drastically reducing the number of root sprouts, causing the fragmentation of what should have been a fan-shaped distribution of root sprouts to become a “clover-type” distribution.



Under the influence of the topography, the under-canopy root sprout of the Sevier apple tree is characterized by a “clover-type” distribution. According to (Figure 5), the downhill direction of Malus sieversii maternal plants has a significant height difference, the soil layer is thin, the soil erosion is relatively heavy, and the vegetation cover is relatively poor. Compared with other locations, root sprout is easier to germinate, and topography provides good environmental conditions for root sprout germination.




3.3. Spatial Correlation Analysis Study of Root Sprouting under the Tree Canopy


The root sprouts exhibited natural growth characteristics around the parent plant (Figure 1d). Spatial analysis algorithms at the global scale could not detect topographic correlations between root sprout distribution and topography. The application of association rule mining algorithms in a spatially heterogeneous environment can effectively obtain local distribution characteristics of spatial correlations [43]. Grey correlation analysis is widely used to quantify the degree of association between factors and has proven to be a feasible method [44]. Therefore, this paper uses grey correlation analysis to analyze the spatial distribution of root sprouts and topographic correlation characteristics.



The raster image of root sprouts under the tree canopy shows that there are more root sprouts in the downslope direction around the maternal plant, while the distribution of root sprouts in the rest of the area is scattered point (Figure 6a). A comparison of the (Figure 6b) shows that the greater the relative elevation value, the greater the degree of root exposure and the greater the number of root sprouts. Conversely, areas with negative relative elevations are less prone to root sprouting due to larger values of root burial depth (Figure 6b).



The relative elevation within the sample area is the reference array, and the number of root sprouts within the sample area is used as the comparison array. The correlation coefficient between two series within each sample area is calculated separately. The spatial distribution of events of interest are extracted from (Figure 6a). For each spatial event, the strength of its spatial correlation with (Figure 6b) is calculated according to the formula, and the resulting correlation between the number of roots sprouting and the relative elevation (Figure 6c). For a pre-defined threshold event strength Q of 0.75, an association degree greater than 0.75 is said to be a positive example event.



On the contrary, it is called a counter-example event. We extracted the distribution location map of the positive example event (Figure 6d) from the association degree value (Figure 6c). According to the Equations, we have calculated the spatial support degree (Figure 6e) and spatial trust degree (Figure 6f).



Figure 6c shows that the sub-canopy root sprouts with a high degree of topographic association show a “clover-type” distribution around the maternal plant. The horizontal blades have a low relative elevation and more distribution of root sprouts, while the vertical blades are in depressions where roots sprout more easily under the influence of the topography. “Clover-type” shows two ribs on either side, with a few root sprouts distributed. Combined with the (Figure 6b), the ribs of the clover are thick, and the slow flow velocity when the water erodes the topographic profile makes the area form sedimentary geomorphology where root sprouts are not quickly sprouted. The distribution areas of spatial correlation between root sprouting and topography generally maintain a relatively stable “clover-type” distribution (Figure 6e,f). The correlation measurement index system is mainly composed of space support and space trust building, with both indicators calculated based on the spatial correlation intensity. However, (Figure 6e) can reflect the comprehensive characteristics of the space object set, and (Figure 6f) can reflect case characteristics and clearly expressed space relationship between the reference sequence and compare sequence.





4. Discussion


4.1. Spatial Distribution Characteristics of Root Sprouts in Malus sieversii


In stressful habitats, species such as Populus eubhratica, Quercus variabilis, and Emmenopterys henryi, known for their rootstock reproduction, can adjustment their morphology to adapt to their habitat [45,46,47]. As a result, species with a strong sprouting capacity can survive unfavorable situations of live regeneration [48,49]. Malus sieversii rootstock is significantly more vigorous than other apples, such as Northeastern Malus baccata (L.) Borkh, Malus prunifolia, and Malus robusta, and has a powerful ability to reproduce and renew [50]. The present study shows that the root sprouts under the crown of the Malus sieversii appear in clusters, mainly within 1.5 m from the trunk, with the furthest root sprouts occurring at 6.8 m from the trunk. The number of root sprouts decreases as the distance from the trunk increases. The reasons for this pattern of distribution may be: (1) Sufficient nutrients are available under the crown of the Malus sieversi, or (2) Root system development underground is limited by water and nutrients, resulting in root sprouts closer to the mother plant. The root sprouts of the Wild cherry plum have similar reproductive and distribution characteristics to those of the root sprouts of Malus sieversi, mainly within 0.2–1.6 m of the parent plant [51]. Numerous studies have shown that the natural and human environment influences the spatial distribution patterns of plant communities, and that the ecological characteristics reflected in different environments differ [52,53]. This study found that the root sprouts of Malus sieversii were usually centered at the base of the trunk of the parent tree and clustered radially along the root system, trending in the downslope direction of the parent plant. This result is consistent with Kong, X, who suggests that root emergence is closely related to its surroundings. It may be related to factors such as runoff erosion, soil thickness, and the buried depth of the root system.




4.2. Analysis of the Correlation between Root Sprouting Conditions and Topography in Malus sieversii


Topography is also essential in shaping species distribution [54,55]. Precipitation is the primary driver of slope runoff and sediment yield; the timing and intensity of rainfall play an essential role in the amount of runoff and soil loss [56]. Conditions such as land use type [57], soil erosion resistance [58], slope [59], and vegetation [60] all affect the timing and yield of runoff. Malus sieversii trees undulation of the surface formed by the iterative root system, through years of wind and rain function, a large amount of energy material accumulates on the side of the tree with a slight angle to the slope, forming a flatter terrace relative to the entire slope where the tree is located. This significant wind accumulation and rain combined landform type is called tree terrace [18]. The Malus sieversii tree platform’s spatial distribution pattern acting on root sprouts is influenced by water erosion and sediment accumulation. Locations with high vegetation coverage have a high erosion resistance and a significant interception effect on rainwater scour. Sediment continues to accumulate to the sides as it encounters the parent plant under the action of erosion by runoff. The lower the slope, the more stable the range of plant locations in the Malus sieversii.



In addition, the vegetation coverage is a combination of erosion and accumulation processes on the tree platform. The more substantial the erosion effect, the more difficult it is for species to take root and survive, and there is a consequent reduction in vegetation coverage. In the process of root sprouting, runoff in the downhill direction flows down the abrupt slope surface, the runoff scouring rate increases, the soil on the slope surface is continuously eroded, and the thickness of the soil layer decreases, which enhances favorable conditions for root sprouting. Zhao, W.Y. researched Populus euphratica and found that as the depth of burial increased, the root system continued to decrease, and the number of root sprouts subsequently decreased consistently with the findings of this study [61]. Thus, spatial orientation and relative elevation are essential factors influencing root sprouting in Malus sieversii.




4.3. Analysis of the Factors Influencing the Spatial Distribution of Root Sprouts in Malus sieversii


Different microtopographic units have different geomorphological and hydrological conditions, with marked differences in soil formation processes, moisture, and nutrients [62]. Different scales and disturbance frequencies could form different vegetation patterns and hydrological conditions [63]. Many studies have explored plants from a macroscopic perspective, believing that the higher the altitude, the lower the temperature, and the stronger the ultraviolet light, and the greater the environmental stress on plants. Hence, renewability is more potent at higher altitudes [64,65]. But for some species at lower altitudes, where anthropogenic disturbances are frequent, species rapidly choose root sprouting to occupy their original space and habitat resources, which is consistent with the study by Bellingham and Sparrow [66]. This suggests that altitude is not a decisive factor in root sprout germination. The researchers for this paper removed the weeds around the maternal plants during the sample-plot surveys, and it was clear that the higher, gentler ground had a thicker soil layer with fewer root sprouts. The lower topography and steeper positions with thinner soils have a higher number of root sprouts. It is presumed that areas of relatively low elevation, where the soil thickness is thin, are more prone to sprouting root sprouts. This paper collected basic data on the root sprouting of Malus sieversii in four sample areas, and a principal component analysis was carried out on six parameters affecting root sprouting. We found that the root sprouts were concentrated in the downslope direction, probably due to the thinner soil layer and more favorable soil temperatures on the downslope of the maternal plant [15]. A study by Shi, L.L in the Baishanzu Nature Reserve also concluded that light and water were important factors influencing the renewal of seedlings. Bare ridges on higher slopes are the most suitable for seedling survival, as they have relatively adequate light and a thin leaf litter layer [67]. In his investigation of the renewal of Robinia pseudoacacia on the Loess Plateau, Zhang C.Q. concluded that the mean soil water content on the downslope was higher, and that root sprouts spread the most extended distances and were most numerous in the lower direction of the shaded slopes [68]. In contrast, there was no significant correlation between root sprouting capacity and slope orientation in the study of Acer plants in the Changbai Mountain sample site [69]. This result may be related to the deeper soil thickness and less disturbance to the vegetation on the steeper slopes of the Changbai Mountains sample site.




4.4. Suggestions for Conservation and Management


The spatial distribution of root sprouts plays a vital role in recovering natural populations. The root sprouts of the Malus sieversii are mainly clustered around the maternal plant, providing an essential condition for population conservation. We should selectively adopt disturbance and carry out artificial thinning, which is conducive to the renewal and development of populations, and is of great significance to the conservation of wild fruit forest ecosystems and biodiversity in the Yii region. This study found that the spatial distribution pattern of root sprouts under the canopy of Malus sieversii in different slope directions resembled a “clover pattern”, but the scale of the study was limited. Based on the morphological characteristics of the spatial distribution of root sprouts in Malus sieversii, it is a future research direction to combine low-altitude photogrammetry and ground-penetrating radar technology to identify root sprouts under the tree canopy and analyze the spatial distribution pattern of root sprouts at a large scale. In addition, different environmental factors in different microhabitats will affect the community differently. The spatial distribution patterns of root sprouting and the influencing factors should be compared and analyzed in four habitats: below the tree crown, edge of the tree crown, forest gap, and open area at the forest edge. These can provide a solid theoretical basis for recovering Malus sieversii populations.





5. Conclusions


In this paper, we used close-range photogrammetry to obtain topographic data under the canopy of the Malus sieversii, explored the spatial distribution pattern of Malus sieversii root sprouts under the canopy, and analyzed the main factors affecting the spatial distribution pattern of root sprouts, to provide theoretical support for the ecological restoration of Malus sieversii forests. The results showed that:




	(1)

	
Spatial orientation and distance from the maternal plant were decisive for root sprouting, explaining 73.686% of the total variance.




	(2)

	
The spatial distribution of root sprouts under the canopy of the Malus sieversii is aggregated and random. It has a significant directional distribution (mainly on the downslope), with the most polarized distribution of root sprouts on the western and northern slopes.




	(3)

	
The grey correlation was used to spatially correlate the sub-canopy root sprouting point data with relative elevation to verify the scientific validity of the “clover-type” and to illustrate the role of tree platform topography on the root sprouting distribution of Malus sieversii. This study is of great significance for the recovery of natural populations of the Malus sieversii and for predicting the future development of populations. This study fills a gap in vegetative propagation and ecological research on the root sprouting of Malus sieversii.
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Figure 1. The location of the study area and sampling points. (a) Locations of sampling sites; (b) General view of wild apple forests; (c) Distribution of Malus sieversii root sprouts under the tree canopy. 
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Figure 2. Root survey sample. (A–E represent the depth of root burial in five profiles, respectively: <5 cm, 6–20 cm, 21–40 cm, 40–60 cm, and >60 cm.) 
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Figure 3. Spatial point pattern of root sprouts of Malus sieversii, (a) Analysis of the spatial pattern of root sprouting points in a typical sample area of the eastern slope; (b) Analysis of the spatial pattern of root sprouting points in a typical sample area of the southern slope; (c) Analysis of the spatial pattern of root sprouting points in a typical sample area of the western slope; (d) Analysis of the spatial pattern of root sprouting points in a typical sample area of the northern slope. 
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Figure 4. Spatial distribution of root sprouts of Malus sieversii on different slopes. (a) Spatial distribution direction of eastern slope root sprouts; (b) Spatial distribution direction of western slope root sprouts; (c) Spatial distribution direction of western slope root sprouts; (d) Spatial distribution direction of northern slope root sprouts. 
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Figure 5. Topographic distribution of Malus sieversii tree. (a) The Malus sieversii tree on the eastern slope; (b) The Malus sieversii tree on the western slope root sprouts; (c) The Malus sieversii tree on the southern slope; (d) The Malus sieversii tree on the northern slope. 
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Figure 6. Root sprout distribution, elevation and algorithm run processing results in the study area. (a) Distribution of root sprouts in the study area; (b) Elevation of the study area; (c) Event intensity distribution; (d) Positive case event distribution; (e) Spatial support; (f) Spatial trust. 
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Table 1. Spatial distribution patterns of root sprouts on samples with different slope orientations using standard deviation ellipses. CenterX and CenterY represent the center points of the ellipse. XstdDist and YStdDist represent the length of the X-axis and the length of the Y-axis. Rotation is the angle of the direction of the ellipse.
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	Aspect
	Eastern Slope
	Western Slope
	Southern Slope
	North Slope





	Rotation θ
	130.64°
	1.21°
	152.86°
	51.80°



	Standard deviation along the Y-axis/m
	7.61°
	8.09°
	6.06°
	7.86°



	Standard deviation along the X-axis/m
	6.51°
	6.15°
	4.77°
	6.07°



	Semi-axes/m
	1.10°
	1.94°
	1.29°
	1.79°
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Table 2. Root mutation parameter correlation coefficient matrix.
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	Composition
	Spatial Orientation
	Distance
	Relative Elevation
	Buried Thickness
	Root Sprout Thickness
	Root Sprout Height





	Spatial Orientation
	1.00
	0.00
	0.00
	0.00
	0.00
	0.00



	Distance
	−0.67
	1.00
	0.00
	0.00
	0.00
	0.00



	Relative Elevation
	0.56
	−0.21
	1.00
	0.00
	0.00
	0.00



	Buried Thickness
	0.83
	−0.52
	0.64
	1.00
	0.00
	0.00



	Root Sprout Thickness
	0.18
	−0.10
	0.10
	0.20
	1.00
	0.00



	Root Sprout Height
	0.56
	−0.18
	0.65
	0.81
	0.30
	1.00
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Table 3. Eigenvalue and contribution rate.
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	Principal Component
	Eigenvalues
	Contribution Rate (%)
	Accumulative Contribution Rate (%)





	Z1
	3.38
	56.35
	56.35



	Z2
	1.04
	17.34
	73.69



	Z3
	0.92
	15.39
	89.08



	Z4
	0.38
	6.25
	95.33



	Z5
	0.20
	3.39
	98.72



	Z6
	0.08
	1.28
	100.00
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Table 4. Principal component load.
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	Composition
	Z1
	Z2





	Spatial Orientation
	0.89
	−0.29



	Distance
	−0.60
	0.67



	Relative Elevation
	0.95
	0.22



	Buried Thickness
	0.75
	−0.02



	Root Sprout Thickness
	0.31
	0.54



	Root Sprout Height
	0.82
	0.41
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Table 5. Slope classification table of Malus sieversii on different hillsides under custom coordinate system.






Table 5. Slope classification table of Malus sieversii on different hillsides under custom coordinate system.





	Slope
	Eastern
	Western
	Southern
	Northern





	Upslope
	180°–359°
	0°–179°
	0°–89°, 270°–359°
	90°–269°



	Downslope
	0°–179°
	180°–359°
	90°–269°
	270°–359°, 0°–89°
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