

[image: The spatial pattern of Populus euphratica competition based on competitive exclusion theory]
The spatial pattern of Populus euphratica competition based on competitive exclusion theory





ORIGINAL RESEARCH

published: 03 July 2024

doi: 10.3389/fpls.2024.1276489

[image: image2]


The spatial pattern of Populus euphratica competition based on competitive exclusion theory


Yaxuan Liu 1,2, Yong Zeng 1,2*, Peng Wang 3, Jia He 1,2, Pingping Li 1,2 and Yuejia Liang 1,2


1 College of Geographic Science and Tourism, Xinjiang Normal University, Urumqi, China, 2 Xinjiang Laboratory of Lake Environment and Resources in Arid Zone, Urumqi, China, 3 Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences, Urumqi, China




Edited by: 

Lingbo Dong, Northeast Forestry University, China

Reviewed by: 

Qing Fang, Yamagata University, Japan

Xiao-Dong Yang, Ningbo University, China

*Correspondence: 

Yong Zeng
 zengyong107@sina.cn


Received: 12 August 2023

Accepted: 17 June 2024

Published: 03 July 2024

Citation:
Liu Y, Zeng Y, Wang P, He J, Li P and Liang Y (2024) The spatial pattern of Populus euphratica competition based on competitive exclusion theory. Front. Plant Sci. 15:1276489. doi: 10.3389/fpls.2024.1276489






Introduction

Population-level competition and spatial patterns may explain the role of competitive exclusion in communities, which is important for vegetation restoration and biodiversity conservation.





Methods

We analyzed the competitive intensity, spatial patterns, and renewal of Populus euphratica Oliv. forests in the Tarim River Basin using the Hegyi competition index and spatial point pattern analysis in a completely random model with different habitats and different forest ages. 





Results

The greatest competitive distance for P. euphratica was 10 m, and the intensity of competition steadily decreased as the diameter increased. The intensity of intraspecific and interspecific competition in young, mature, and old P. euphratica forests was as follows: riverside habitat > transitional habitat > desert margin habitat. The Simpson index values for the three habitats decreased as follows: transitional > riverside > desert margin, and the Shannon-Wiener index and Pielou index values decreased as follows: riverside > transitional > desert margin. In the riverside habitat, the young P. euphratica forest experienced the greatest competitive intensity, the mature forest in the transitional habitat was the largest, and the forest in the desert margin habitat was the oldest. Competitive intensity was greatest in the young riverside P. euphratica forest, mature P. euphratica forest in the transitional habitat, and old forest in the desert margin. Riverside P. euphratica experienced strong competition from Populus pruinosa. Competitive exclusion caused P. pruinosa to disappear from the transitional and desert margin habitats. Young, mature, and old P. euphratica forests were randomly distributed along the riverside and in the transitional habitat, while mature and old P. euphratica forests were randomly distributed in the desert margin. Populus pruinosa, Tamarix ramosissima, and Tamarix hispida were mainly randomly distributed, and T. ramosissima and T. hispida were clustered at small scales. In the riverside habitat, young, mature, and old P. euphratica had no spatial correlation, and there was a significant negative correlation at small scales in the transitional habitat. The density of P. euphratica seedlings in the riverside habitat was greater than that in the transitional habitat, and greater competitive pressures on P. euphratica tree seedlings caused a lower renewal density.





Conclusions

When planting P. euphratica forests, spacing greater than 10 m can effectively reduce stand competition and thus promote seedling regeneration.





Keywords: Populus euphratica, competitive exclusion, competition, spatial pattern, regeneration




1 Introduction

The ecological niche concept has interested ecologists since Grinnell proposed it in 1917, and the theory has been applied to study plant interspecific relationships, biodiversity, community structure, succession, and population evolution (Peng and Wang, 2016). The Russian biologist Gause (1934) defined the ecological niche as the position occupied by a specific species in the community, which included its habitat, food, and lifestyle (Whittaker et al., 1973; Li et al., 2006). The principle of competitive exclusion was proposed after experiments with different species of grasshoppers demonstrated that each species had a specific position in its community and that the differentiation of ecological niches was necessary for species to maintain coexistence in space and time (Hardin, 1960). Traditional theories of ecological niche differentiation were proposed at the beginning of the 20th century and included the role of habitat filtering (Keddy, 1992) and the principle of competitive exclusion (Gause, 1934). The principle of competitive exclusion primarily explains the role of the biological environment, suggesting that differences in ecological traits and life-history responses among species promote evolution and adaptation to finite sexual resources (Harpole and Tilman, 2006). In the same forest community, similarity between species will increase the intensity of competition and lead to competitive exclusion, thus weakening the similarity between species, generating niche differentiation, and ensuring the stability of coexisting species (May, 1973). Competition between species with the same resource utilization patterns prevents long-term stable coexistence (Vandermeer, 1972). Species that are not competitively dominant are eliminated because they cannot obtain resources for their growth, and, eventually, all species survive in suitable habitats, i.e., they obtain their ecological niches (Niu et al., 2009).

Over the long-term, organisms compete for living space, light, water, and food, thus forming relationships with each other (Zhuo, 2022). As an important interspecific relationship in terrestrial plant communities, competition influences the community structure and the evolutionary patterns of species. Darwin suggested that neighboring species with similar growth and development would form strong competitive relationships and that competitive exclusion would result in close relationships (Zhou, 2019); species with similar ecological niches cannot coexist in the same environment (Chai, 2016). Competitive relationships can influence the growth of individual trees (Luo et al, 2020), and they are also among the major forces influencing the structure and dynamics of forests, both of which are crucial to population renewal, succession, and the formation of spatial distribution patterns (Fraver et al, 2014; Zhang et al, 2016). Recent studies on P. euphratica have focused on population structure (Miao et al., 2020; Yusup et al., 2022), species diversity (Wang F. et al., 2020; Han and Wang, 2024), and spatial distribution (Yusup et al., 2022; He et al., 2023), but there have been few studies on intraspecific competition (He et al., 2023). Wang F. et al. (2020) studied the relationship between P. euphratica diversity and climate factors and concluded that P. euphratica diversity would expand from the center of China toward the northeast and northwest under future climate scenarios. Yusup et al. (2022) studied the population structure and spatial distribution of P. euphratica riparian forests along the Tarim River and reported that the age structure of the population increased in the upper reaches of the Tarim River, stabilized in the middle, and temporarily stabilized in the lower reaches; moreover, the decreasing depth of the groundwater and the soil water content increased the aggregation of P. euphratica along the Tarim River. He et al. (2023) studied variation in intraspecific competition and the spatial distribution of P. euphratica under different moisture gradients in the lower Tarim River and reported that with decreasing moisture, the competition index (CI) for P. euphratica stands decreased, and the spatial distribution gradually changed from an aggregated distribution to a random distribution. However, few studies on P. euphratica communities have applied the theory of competitive exclusion, and few have considered the common habitats of P. euphratica, such as the riverside, transitional, and desert margin habitats. Intraspecific and interspecific analyses based on the theory of competitive exclusion can therefore provide a theoretical basis for the conservation and restoration of poplar communities.

At present, mathematical models are the most effective method for studying competitive relationships (Miao, 2017). The CI can be classified into two categories: one is related to distance, and the other is independent of distance. Among the CI research methods related to distance, the Hegyi index proposed in 1974 is still widely used (Hegyi, 1974). Zhang et al. (2019) quantified individual CIs and their associations with tree diameter at breast height (DBH) using Cunninghamia lanceolata (Lamb.) with Hook as the test subject and Hegyi’s CI (distance-dependent). Luo et al. (2020) proposed an improved model based on the Hegyi CI to analyze whether the relationship between climate change and tree growth varied with tree-level competition. To improve predictions for Cyclobalanopsis glauca tree height, an improved CI was used by Long et al. (2020) to examine the effects of slope, gradient, and CI on the H-DBH relationship based on the Hegyi CI. Sun et al. (2022) calculated the CI components of trees in the four cardinal directions to indicate competitive pressure in all directions using the Hegyi CI. The Hegyi CI, which is characterized by high precision and flexibility, reflects the dominance of trees in a community and is suitable for studying community competition relationships in natural forests and in forests under various management measures (Zhang et al., 2012; Zhang Y. C., 2015).

The spatial pattern of a population is the distribution or configuration that characterizes all individuals in a given area, and it can be quantified to describe the distribution of the population (Velázquez et al., 2016). Biological properties, intraspecific and interspecific competition, environmental variation, and other factors combine to determine how populations are distributed in space (Harms et al., 2000). According to the degree and method of aggregation of populations, spatial distribution patterns are divided into three types: random distribution, uniform distribution, and aggregate distribution (Zhang et al., 2017). Different distribution patterns reveal different dynamic processes within the community, with aggregated distributions reflecting mutual reinforcement and similar resource requirements among species. Random distributions suggest that species compete for resources due to competitive exclusion (Liu, 2021). Interspecific associations, which are typically categorized into positive, negative, and no associations, refer to the spatial connectivity of various species. Spatial connectivity reflects the relationships formed via interaction between species within the community (Wen et al., 2022). A positive spatial correlation between two species indicates that their interaction is mutually beneficial and mutually reinforcing, a negative correlation indicates that two species are in a competitive and exclusive relationship, and no correlation indicates that the two species are independent of each other (Wang Y. F. et al., 2020). The study of spatial patterns of populations has long been a focus of ecology and has matured over the years. In a broad-leaved Korean pine forest in southeast Russia, Omelko et al. (2018) investigated the spatial distribution of tree species with various strategies, including saplings and adult trees. They found that species distribution patterns were significantly influenced by shade tolerance. Zhang et al. (2021) found that grazing altered the population multiplicity of species and the relationships among species in short-flowered needlegrass desert grasslands with different livestock loading rates. Chen et al. (2022) found that Tamarix chinensis in the muddy coastal zone of the Yellow River Delta had an aggregated distribution; aggregation intensity decreased with increasing spatial scale, and the aggregated distribution shifted to a random distribution with increasing spatial scale. Liu et al. (2023) investigated plants in the Nanling Mountains and found that the dominant Machilus chinensis had three spatial distribution states (aggregated, random, and uniform), while Pinus massoniana was randomly distributed, and the remaining species were aggregated at a small scale and randomly distributed at a large scale.

Competitive exclusion has an important impact on natural regeneration processes. Interspecific competition in resource-limited environments can reduce or cause the disappearance of populations of certain species, thus affecting their natural regeneration capacity (Gao, 2020). Competitive exclusion also affects the population size and distribution of species (Liu Y., 2022). Plant succession and maintenance, plant dynamics, forest resource regeneration and ecosystem recovery (Khaine et al., 2018; Shen and Nelson, 2018), and the sustainable growth of trees are influenced by natural renewal (Wand and Hao, 2012). Natural renewal plays an extremely important role in maintaining biodiversity and ecosystem productivity (Sharma et al., 2018; Mores et al., 2020; Zhao, 2021; Sun et al., 2024). The growth and development of tree seedlings is crucial to the process of regeneration (Muller-Landau et al., 2008). Moisture is an important factor influencing the distribution and regeneration of P. euphratica forests (Han et al., 2013). In summer, alpine ice and snow melt occurs in the upper reaches of the Tarim River and flows into the river channel, causing seasonal flooding in poplar forests on both sides of the river (Wang X. Y. et al., 2020). Populus euphratica trees are resistant to periodic flooding, which allows them to grow in riverside areas where water conditions are dynamic (Frymark-Szymkowiak and Kieliszewska-Rokicka, 2023). The flood plain provides suitable habitat conditions (low salt, high water, and clay soil) for the natural germination of riparian plant seeds and is ideal for P. euphratica (Li J. et al., 2013; Lei et al., 2020), and groundwater in the floodplain habitat fluctuates frequently. Good and bad habitats for P. euphratica forests in the Tarim River Basin are determined by groundwater depth, which directly affects the growth and density of P. euphratica (Li et al., 2003), as well as the growth and regeneration of young forests (He, 2022). Although P. euphratica can tolerate extreme drought, it is highly dependent on groundwater and sensitive to groundwater changes. The degree of seedling regeneration determines population renewal and affects the distribution of individuals and the structural composition of the population (Shu et al., 2019). However, during seedling growth, plants are extremely sensitive to changes in the environment (Svenning et al., 2008), especially the effects of competitive action caused by biological factors (Blank, 2010). Therefore, research on the competitive ability of forest seedlings is necessary to understand forest regeneration and provide a foundation for plantation forest creation.

In this study, we investigated competition and spatial patterns in P. euphratica communities in the Tarim River Basin based on the theory of competitive exclusion. Our main objectives were to: (i) determine whether the competitive range, competitive intensity, species diversity, spatial pattern, and seedling regeneration in poplar communities in different habitats had changed and (ii) determine whether competitive intensity and spatial patterns of P. euphratica and Populus pruinosa in riversides, transitional habitats, and desert margins conformed to the principle of competition exclusion. Addressing these objectives will improve our understanding of the mechanism of community building in the Tarim River and support the conservation and restoration of P. euphratica.




2 Materials and methods



2.1 Study area

The Tarim River Basin is the largest inland river basin in China. It is situated in the southern section of the Xinjiang Uygur Autonomous Region (71°39′-93°45′E, 34°20′-43°39′N) and covers a total area of 1.028 × 106 km2. The middle reaches of the Tarim River occur from Imbaza to Chala, with a length of 398 km. Abundant water enters the mainstream of the Tarim River from melting mountain ice and snow (Liu et al., 2019); the water volume varies greatly from year to year, and the riverbank is sufficient. The study area is located at the northern edge of the Taklamakan Desert, where precipitation is scarce, and evaporation is very strong. The average annual precipitation is approximately 550 mm and evaporation is as high as 1125–1600 mm; the climate is hot and dry (Gou et al., 2017). Due to harsh environmental conditions, vegetation is distributed in bands along the river. Vegetation types are characterized by a general top-to-bottom transition from high-cover P. euphratica forests, T. chinensis shrubs, and Halogeton glomeratus belts, to medium-cover P. euphratica forests and T. chinensis shrubs, to low-cover sparse T. chinensis shrubs (Li M. Y. et al., 2021).




2.2 Research methods



2.2.1 Data collection

Representative natural P. euphratica forests were selected for field survey and sampling along the riverside habitat, transitional habitat, and desert margin habitat of the Tarim River. One 500 m × 500 m community plot was set up for each habitat, with geographic coordinates as follows: 41°11′7.79″N, 84°19′9.37″E; 41°7′20.27″N, 84°17′45.73″E; and 41°4′9.33″N, 84°14′56.40″E. Each 500 m × 500 m plot was divided into 400 25 m × 25 m quadrats using the adjacent grid method, making 1200 quadrats in total (Figure 1). Species, tree height, DBH, status (alive or dead), and relative spatial coordinates (perpendicular distance from the XY axis) were recorded within each plot. The spatial coordinate data for the forest trees in the plots in Figure 2 were investigated using a P. euphratica object tree as the center of the circle in the quadrat, and the distances between all competing trees and the object tree in the sample circle were measured. In each sample plot, NMR (Vista Clara, Inc., developed by GMR) and ground penetrating radar (Italy RIS-2K) were used to identify underground water that was deeply buried (Zeng et al., 2020). Soil from 0–20 cm was collected from five points in each plot, mixed, air-dried, and passed through a 2 mm sieve. Soil conductivity was evaluated by leaching air-dried soil in a leaching solution with distilled water (5:1 water:soil ratio) at 25°C. Total salt was determined by the dry slag method. The soil moisture content was determined indoors using the aluminum box drying method. Soil samples were sieved with a 0.25 mm sieve, and soil organic matter was evaluated using an external heating method with potassium dichromate. Each plot was localized using a Global Position System device.




Figure 1 | An overview map of the Tarim River Basin research area.






Figure 2 | Survey of species distribution in the riverside (A), transitional (B), and desert margin habitats (C).






2.2.2 Identifying the optimal competitive range of neighbors

We randomly selected 176, 41, and 7 P. euphratica object trees in the riverside, transitional, and desert margin habitats, respectively, and set up a sample circle with each P. euphratica tree at the center; 1–20 m (with a grade difference of 1 m) was used as the radius of the sample circle. Within each sample circle, the average CI of the competing tree was calculated, and the relationship between the radius of each circle and the corresponding average CI was fitted using regression.




2.2.3 Standards for dividing P. euphratica into different developmental stages

Age structure is an important indicator of population dynamics. Size order is commonly used for single plants, and diameter order is commonly used for tree species instead of age structure. According to domestic classification standards and its life history characteristics, P. euphratica was divided into young forest (0 cm< DBH< 16 cm), mature forest (20 cm ≤ DBH< 40 cm) and old forest (DBH ≥ 40 cm) (Wang et al., 2017).





2.3 Data analysis



2.3.1 Competition index model

The intraspecific and interspecific CIs for P. euphratica were calculated using Hegyi (1974) single-tree competition model, as shown in Equations 1–2.

	

	

where CIi is the competition index of the ith object tree; n is the number of competing trees around the ith object tree; and Di and Dj are the diameter at breast height (cm) of target tree i and competing tree j, respectively. Lij is the separation in meters between object tree i and competing tree j; CI is the population competition index. The population’s total number of object trees is N. The level of competition increases with the CI value.




2.3.2 Competition intensity and diameter correlation

Competition intensity and P. euphratica DBH were used for regression analysis. The independent variable was P. euphratica DBH, and the dependent variable was the CI. The power function regression fitting relationship was shown in Equation 3 (Xiang et al., 2015):

	

where CI is the competition index, D is the object tree’s DBH, and A and B are model parameters.




2.3.3 Point pattern analysis

The Ripley (1977) function, which accounts for the number of individual plants in a circle of specific radius length r within the sample square is the most frequently used function in point pattern analysis. Its expression was shown in Equation 4:

	

where r is the spatial scale in m, S is the sample plot size in m2, n is the total number of individuals in the sample plot, and uij is the distance between two individuals i and j. Ir(uij) represents the characteristic function. When uij ≤ r, Ir(uij) = 1 and if uij > r, Ir(uij) = 0. Wij is the ratio of the arc length of the sector in region A of the circle with i as the center and uij as the radius, to eliminate the boundary effect.

At the same time, a g(r) function that overcomes the cumulative effect of this function was introduced (Li X. et al., 2020); g(r) includes the univariate correlation analysis g11(r) function and the bivariate analysis g12(r) function (Cui et al., 2021). The g11(r) function, which reflects the probability of a species occurring within a given circle width with any point as the circle’s center and a specific distance (scale) as the radius, can be used to study the spatial distribution pattern of a particular population. The aggregation intensity is represented by the value of g11(r), as shown in Equation 5:

	

where dK(r) is the derivative of the function K(r) and d(r) is the derivative of the radius r. When g11(r) = 1, the population is said to be randomly distributed. When g11(r) > 1, the population is clustered. When g11(r)< 1, the population is uniformly distributed. To examine the spatial correlation between two species, the bivariate pairwise correlation function g12(r) was used, as shown in Equation 6. The following expression represents the likelihood that another species will exist within a circle of a given width that is centered on a member of one species and has a given distance (scale) as its radius:

	

where dK12(r) is the derivative of the function K(r) and d12(r) is the derivative of the radius r. When g12(r) = 1, there is no association between the two species; when g12(r) > 1, the relationship between the two species is positive; and when g12(r)< 1, the relationship between the two species is negative.




2.3.4 Analysis of population renewal

Seedlings within the radius of the 5 m and 10 m sample circles were counted, and the renewal density of the sample circle area was computed as follows: renewal density = number of seedlings/circular area (Liu et al., 2018). Regression analysis was conducted using the competition intensity of P. euphratica and its renewal density within the radius of the sample circle. The CI was the dependent variable, and the renewal density inside the sample circle’s radius was the independent variable. The power function regression fitting relationship was shown in Equation 7:

	

where CI denotes the competitiveness index, R is the renewal density within the sample circle’s radius, and A and B denote the model parameters.





2.4 Statistical analysis

A zero model can help determine the spatial pattern type of a population. We adopted the complete spatial randomness (CSR), a mean Poisson process, as the zero model for testing (Wiegand et al., 2007). The upper and lower wrapped trajectory lines served as a significance test to determine whether the results deviated from the random state, and the maximum and minimum values of the simulations were used to generate the upper and lower wrapped trajectory lines, respectively. Ninety-nine Monte Carlo stochastic simulations were used to construct 95% confidence intervals for the corresponding point pattern functions.





3 Results



3.1 Overview of P. euphratica object trees and competing trees

The population profiles and environmental factors for P. euphratica in different habitats are shown in Table 1 and Table 2. In this study, 224 P. euphratica object trees and 680 P. euphratica competing trees were selected (Table 1). The riverside habitat contained the largest proportion of young forest, with 147 young forest object trees, which accounted for 82.12% of the total, and 448 young forest competing trees, which accounted for 83.43%. The mature forest in the transitional habitat contained 26 mature forest object trees, which accounted for 63.41% of the total, and 78 mature forest competing trees, which accounted for 63.93%. The proportion of old forest was largest in the desert margin habitat, with 5 old forest target trees that accounted for 71.43% of the total and 14 old forest competing trees that accounted for 66.67%.


Table 1 | Overview of Populus euphratica object trees and competition trees.




Table 2 | Environmental factors in the riverside, transitional and desert margin habitats.



In the study area, 13 species of competing trees in addition to P. euphratica were investigated (Table 3). There were 8 species of competing trees in the riverside habitat, including P. pruinosa, Tamarix ramosissima, Karelinia caspia, Apocynum venetum, and Phragmites australis. There were 7 species of competing trees in the transitional habitat, including T. ramosissima, K. caspia, A. venetum, and Alhagi sparsifolia. There were 3 species of competing trees in the desert margin habitat, including Tamarix hispida, H. glomeratus, and Salsola ruthenica.


Table 3 | Competitive tree species composition and competitive intensity.






3.2 P. euphratica competition intensity



3.2.1 Determination of the optimal competitive range

Figure 3 shows that the average CI gradually decreased as the distance between competing trees increased, with a clear inflection point at 10 m. When the radius of the sample circle was greater than 10 m, the CI changed slowly. At less than 10 m, the CI changed quickly and showed an obvious downward trend. The segmented fitting findings of the association between various sample circle radii and competition intensity also showed that the two fitted equations reached a significant level and that the maximum R2 occurred for the sample circle radii in the range of 1–10 m and 10–20 m. Therefore, the distance between the object tree and the competing tree was 10 m, which was the most suitable competitive range for studying the competitive intensity of P. euphratica.




Figure 3 | Relationship between the radius of P. euphratica sample circle and the change of competition index in the riverside (A), transitional (B), and desert margin habitats (C).






3.2.2 Intraspecific and interspecific competition intensity for P. euphratica

The total intensity of intraspecific competition was 303.252, which accounted for 73.11% of the total competition intensity, and the total intensity of interspecific competition was 111.55, which accounted for 26.89% of the total competition intensity, indicating that P. euphratica experienced more intraspecific competition (Table 3). The Simpson index values for the three habitats decreased from the transitional habitat to the riverside habitat to the desert margin habitat, and the Shannon-Wiener index and Pielou index values decreased from the riverside habitat to the transitional habitat to the desert margin habitat (Figure 4). The intraspecific competition intensity of P. euphratica along the riverside decreased with increasing age of the forest. The competition intensity of the young forest was 274.452, that of the mature forest was 13.445, and that of the old forest was 2.011, indicating that intraspecific P. euphratica competition along the riverside mainly occurred in the young forest. In the transitional habitat, intraspecific P. euphratica competition mainly occurred in the mature forest, and the intensity of intraspecific competition decreased from the mature forest to the young forest to the old forest. In the desert margin habitat, intraspecific P. euphratica competition mainly occurred in the old forest, and the intensity of intraspecific competition was greater in the old forest than in the mature forest.




Figure 4 | Species diversity along the riverside, transitional, and desert margin habitats.



Among the companion species of P. euphratica, the greatest intensity of competition in the riverside habitat was 90.714 for P. pruinosa, followed by 18.104 for T. ramosissima. The greatest competitive intensity in the transitional habitat was 1.939 for T. ramosissima, and the lowest competitive intensity was 0.098 for Halimodendron halodendron. The greatest competitive intensity in the desert margin habitat 0.140 for T. hispida.




3.2.3 Relationship between the intensity of competition in P. euphratica and the diameter of the object tree

The relationship between DBH and the intraspecific P. euphratica CI in the riverside, transitional, and desert margin habitats is represented by the power functions CI = 4.440D-0.761 (R2 = 0.574, P < 0.001), CI = 1.167D-0.753 (R2 = 0.312, P < 0.001), and CI = 21.031D-2.699 (R2 = 0.929, P < 0.001), respectively (Figure 5). The relationship between the DBH of P. euphratica object trees and the interspecific CI for P. euphratica and P. pruinosa in the riverside habitat was CI = 1.433D-0.887 (R2 = 0.268, P < 0.001). The relationship between the DBH of P. euphratica object trees and the interspecific CI for P. euphratica and T. ramosissima in the transitional habitat was CI = 0.206D-1.192 (R2 = 0.662, P < 0.001). The relationship between the DBH of P. euphratica object trees and the interspecific CI for P. euphratica and T. hispida in the desert margin habitat was CI = 9.677D-2.598 (R2 = 0.720, P < 0.001). Intraspecific and interspecific competition intensities for P. euphratica decreased as DBH increased. When DBH was less than 30 cm, the competition intensity for P. euphratica increased significantly. When DBH was greater than 30 cm, P. euphratica competition was weak, the decline was small, and it was maintained at a low level.




Figure 5 | Model predictions of intraspecific competitive intensity and object trees diameter at breast height for P. euphratica in the riverside (A), transitional (C), and desert margin habitats (E). Model predictions of interspecific competitive intensity and object trees diameter at breast height in P. euphratica and P. pruinosa in the riverside habitat (B). Model predictions of interspecific competitive intensity and object trees diameter at breast height in P. euphratica and T. ramosissima in the transitional habitat (D). Model predictions of interspecific competitive intensity and object trees diameter at breast height in P. euphratica and T. hispida in the desert margin habitat (F).







3.3 Spatial pattern analysis for P. euphratica



3.3.1 Spatial distribution of P. euphratica in forests of different ages

Young P. euphratica forests were randomly distributed along the riverside, were mainly randomly distributed in the transitional habitat, and were aggregated at 8 m, 10 m, and 45 m scales (Figure 6). Mature P. euphratica forests were randomly distributed in the riverside and desert margin habitats and were mainly randomly distributed in the transitional habitat, with a uniform distribution at 26 m and 36 m scales. P. euphratica old-growth forests were randomly distributed in the riverside, transitional, and desert margin habitats.




Figure 6 | Spatial distribution pattern of P. euphratica in different age forests in the riverside (A–C), transitional (D–F), and desert margin habitats (G, H). The spatial distribution of a population is represented by g11(r).



Young P. pruinosa stands were mainly randomly distributed along the riverside and clustered at 0 m, 20 m, 24 m, 27 m, and 31 m scales (Figure 7). Young T. ramosissima stands were predominantly randomly distributed in the transitional habitat, with clustered distributions at 0 m, 34 m, 39 m, 41 m, 43–47 m, and 50 m scales in the transitional habitat and uniform distributions at 6 m and 16 m scales. Young stands of T. hispida were clustered in the desert margin at 7 m, 32 m, and 38 m scales. Mature stands of P. pruinosa were predominantly randomly distributed along the riverside, with clustering only at the 1 m and 5 m scales. Mature T. ramosissima and T. hispida forests were randomly distributed in the transitional and desert margin habitats. Old growth P. pruinosa forests were mainly randomly distributed along the riverside, with clustering only at the 10 m scale. Old growth T. ramosissima and T. hispida forests were predominantly randomly distributed in both the transitional and desert margin habitats, and T. ramosissima old-growth forests were clustered only at the 44 m scale in the transitional habitat.




Figure 7 | Spatial distribution pattern of P. pruinosa, T. ramosissima and T. hispida in different age forests. Spatial distribution pattern of P. pruinosa in the riverside (A–C), T. ramosissima in the transitional (D–F), and T. hispida in the desert margin habitat (G–I).






3.3.2 P. euphratica spatial correlation in forests of different ages

Young and mature P. euphratica forests were largely independent of one another, with little spatial association in the riverside habitat and a strong positive correlation at the 0–9 m scale (Figure 8). In the transitional habitat, P. euphratica forests were mainly independent of each other with no spatial correlation and were significantly negatively correlated at 0–1 m, 3–5 m, 7–8 m, 10 m, 12 m, 15 m, 41 m, and 45 m scales. Both young and old P. euphratica forests showed independent relationships with each other and no spatial correlation in the riverside or transitional habitats. The P. euphratica mature and old forests were independent of each other, with no spatial correlation in the riverside, transitional, or desert margin habitats.




Figure 8 | Spatial correlations between P. euphratica of different age forests in the riverside (A–C), transitional (D-F), and desert margin habitats (G).



Young P. euphratica and P. pruinosa were mainly independent of each other in the riverside habitat, with no spatial correlation, and were significantly negatively correlated at 0–1 m, 3–10 m, and 12 m scales and were significantly positively correlated at 21–23 m, 25–26 m, 28 m, and 30 m scales (Figure 9). In the transitional habitat, young P. euphratica and T. ramosissima were primarily independent of one another, with no spatial association and only substantial negative correlations at 0–12 m, 34 m, and 36 m scales. Mature P. euphratica and P. pruinosa were mainly independent of each other in the riverside habitat, with no spatial correlation, and were only negatively correlated at the 1 m scale. There was a significant negative correlation between mature P. euphratica and T. ramosissima at 0–18 m in the transitional habitat and a significant positive correlation at 26 m, 29 m, 31–32 m, 35 m, 37–39 m, and 41–46 m scales. Mature P. euphratica and T. hispida were mainly independent of each other in the desert margin habitat, with no spatial association. Old P. euphratica forest and T. ramosissima were mainly independent of each other in the riverside habitat and were not spatially related, while old P. euphratica forest and T. ramosissima and T. hispida were mainly independent of each other in the transitional and desert margin habitats and were not spatially related.




Figure 9 | Spatial correlations of P. euphratica with P. pruinosa, T. ramosissima and T. hispida in different age forests in the riverside (A–C), transitional (D-F), and desert margin habitats (G, H).







3.4 Renewal of P. euphratica seedlings

The relationship between P. euphratica seedling density and the competitive intensity of object tree renewal in both the riverside and transitional habitats obeyed a power function, with R2 values of 0.03 and 0.83, respectively (Figure 10), and the higher the density of object tree renewal was, the lower the competitive pressure the object tree was subjected to. The number of seedlings at the desert margin was too small to be analyzed.




Figure 10 | Seedling density and competition intensity of P. euphratica object trees renewal in the riverside (A) and transitional habitats (B).



Correlation analysis between P. euphratica seedling density and CI in the riverside, transitional, and desert margin habitats was conducted (Table 4). Within a radius of 0–5 m, the CI of P. euphratica was positively correlated with surviving seedling density in the riverside and transitional habitats (P< 0.01), and the CI was not correlated with the density of all seedlings. Within a 0–10 m radius, the CI of P. euphratica was significantly positively correlated with the density of surviving seedlings in the riverside and transitional habitats (P< 0.01), and the CI was also significantly positively correlated with the density of all seedlings (P< 0.01).


Table 4 | Correlation between density of renewed seedlings and competition indices.







4 Discussion and conclusions



4.1 Intraspecific and interspecific competition in P. euphratica

Competition for resources and space is the main expression of the interaction between plants above- and below-ground. Determining the size of the competitive range is a prerequisite for studying competition among individual plants, and only a true understanding of the competitive range and ecological effects can ensure accuracy in research (Chen et al., 2014). A strategy of gradually increasing the competitive range was employed in this study to determine a reasonable neighbor competition range centered on an object tree, and we found that 10 m was the ideal neighbor range for P. euphratica populations. This range may be related to the root system of P. euphratica, which is strong, with well-developed lateral roots that extend throughout the soil layer at a depth of 1 m (Si et al., 2007). Moreover, P. euphratica roots can penetrate the sand layer up to 10 m below the surface and can continuously draw water and nutrients from the groundwater (Xu, 2022), which leads to an increase in the spacing in P. euphratica populations. Long et al. (2021) reported that the J-C effect may also lead to the absence of the same species within a certain distance in a P. euphratica community, resulting in increased distances between trees. The decline of P. euphratica populations and the death of individuals due to natural factors, such as extreme climatic events and regional water stress (decreasing groundwater depths), can also increase tree spacing (He et al., 2023).

Competitive relationships are prevalent within plant communities, and they affect individual plant growth and development, population structure and dynamics, and community construction. According to the competitive exclusion hypothesis, plant species with the same or similar ecological niches cannot coexist stably, and more competitive species will exclude or eliminate less competitive species (Gause, 1934). In different habitats, P. euphratica competition intensity and species diversity differed significantly. Both intraspecific and interspecific competition intensity and species diversity were as follows: riverside habitat > transitional habitat > desert margin habitat. This may be related to the bioecological characteristics of P. euphratica. As an important barrier in the Tarim Basin ecosystem, P. euphratica is drought-tolerant, salt-tolerant, water-loving, and light-loving. The survival of P. euphratica depends on groundwater and on flooding after the annual melting of ice and snow (He, 2022). Populus euphratica can access subterranean and riverside water resources in the Tarim River Basin, which greatly enhances its survival, resulting in larger populations of P. euphratica in the riverside habitat than in the transitional or desert margin habitats. The density of P. euphratica is greater in the riverside habitat, and the population has similar ecological requirements, which leads to competition for resources. Conditions in transitional and desert margin habitats are harsh relative to those in the riverside habitat. In extremely arid climates, strong evaporation from woodland soil causes surface salt accumulation, and a soil environment with high salt and low water potential inhibits the establishment, growth, and development of P. euphratica (Kang, 2021), resulting in a decrease in the number and competitive intensity of P. euphratica individuals in transitional and desert margin habitats. Moreover, this study showed that the intensity of intraspecific P. euphratica competition in the three habitats was much greater than the intensity of interspecific competition, which was a prerequisite for P. euphratica populations to coexist stably in the three habitats (otherwise competitive exclusion occurred) (Case, 1999). Forests of P. euphratica along the Tarim River are subject to prolonged and extensive periodic flooding (Ma J. L. et al., 2023), which can inhibit the growth of dominant understory plants and thus increase species richness and diversity, consistent with the moderate disturbance hypothesis (Connell, 1978). The competition intensity for young P. euphratica forest in the riverside habitat, mature forest in the transitional habitat, and old forest in the desert margin habitat increased. Close to the river, the groundwater depth is shallow, the horizontal root system of P. euphratica is well developed, and there is no obvious taproot. Compared with young P. euphratica forests in the transitional and desert margin habitats, the development of young P. euphratica was better in the riverside habitat. As the distance from the river increases, the groundwater depth increases, horizontal roots decrease, and vertical and downward coarse roots increase, leading to the formation of more obvious taproots (Jing, 2014). Therefore, old P. euphratica forest dominates the desert edge. The same tree species have similar ecological requirements, competition is particularly fierce, and competitive pressure is determined by population density restrictions and size differences among individuals (He et al., 2023). The decrease soil water, salt, and nutrients in transitional and desert margin habitats may have been responsible for a decrease in the proportion of young stands and an increase in the stand diameter class structure in the P. euphratica population. As P. euphratica individuals died, the stand density gradually decreased, and the number of competing trees decreased (Du et al., 2019), which led to a decrease in the competition intensity of the population in the sample plot and a decrease in the CI in the young P. euphratica forest.

Among the companion species of P. euphratica, the greatest intensity of competition in the riverside habitat was with P. pruinosa. In the transitional and desert margin habitats, P. pruinosa was reduced in number and did not compete with P. euphratica. Consequently, because resources are limited, the overlap of ecological niches between P. euphratica and P. pruinosa may trigger competition leading to mutual damage, while other species “hitchhike” and coexist, in line with the negative density-dependent (NDD) hypothesis (Zhu Y. et al., 2009; Harms et al., 2000). In addition, in harsh environments where resources are limited, such as the transitional and desert margin habitats, similar species have similar resource needs and competition for limited resources may lead to mutual exclusion (Liu, 2021). Competitive exclusion prevents species with similar ecological niches from coexisting and eventually leads to differences in the development of species within the community and to increasing divergence between species (Slingsby and Verboom, 2006). For example, the response of P. pruinosa to the spatial heterogeneity of different habitats reflects its hydrophilic nature and high water requirements. As a typical mesophytic tree species rather than a xerophytic plant, and an area with shallow groundwater and rich organic matter is a suitable habitat for P. pruinosa (Han et al., 2013). On the other hand, Tamarix species have higher tolerance in both the seedling stage and mature stage, and their roots can absorb water from unsaturated soil (Sher and Marshall, 2003; Sun et al., 2016). These findings show that P. pruinosa germination and survival were inhibited by the severe climate in the Tarim River Basin’s transitional and desert margin habitats (Yu et al., 2011). Conversely, S. ruthenica and H. glomeratus grow in desert margin habitats, and surveys have shown that these two plants grow near P. euphratica, which has a caretaker effect; i.e., P. euphratica provides a microhabitat for the growth of these two herbs (Zeng et al., 2019).

The Hegyi single-tree CI is commonly used to measure the intensity of competition among plant individuals and can indirectly reflect the allocation of resources by plant individuals. The size of individual trees has a great influence on the strength of competition. By fitting a relationship between DBH and the CI, we found that competition intensity and DBH fit a power function relationship; the CI of the object trees decreased as DBH increased. This finding was consistent with the results of previous studies (Kwong, 2019). When the DBH of P. euphratica was less than 30 cm, competition intensity changed significantly with DBH. An object tree’s level of competition was more likely to remain steady when the DBH was greater than 30 cm.




4.2 Spatial patterns of P. euphratica populations

The interaction between numerous internal and external factors causes the spatial distribution of populations. This pattern is related to the biological characteristics of species and competitive exclusion between populations, but it is also closely related to habitat (including soils, topography, and geomorphology), which is a manifestation of long-term adaptation by species (Wang, 2021). This study showed that young, mature, and old P. euphratica forests were randomly distributed in the riverside and transitional habitats and that mature and old forests occurred in the desert margin habitat. The spatial distribution pattern of P. euphratica was mainly randomized, suggesting that individuals compete with each other for resources and that intraspecific competition is significantly amplified by the density-constraint effect. As scale increases and intraspecific exclusion is enhanced, populations experience a greater tendency to randomize (Liu, 2021). Stronger self-thinning within P. euphratica populations, which limits seedling establishment and growth and reduces population renewal, can also cause a transition from an aggregated to a random distribution (Kang et al., 2019).

Random distributions were also exhibited by P. pruinosa, T. ramosissima, and T. hispida. In the riverside habitat, P. pruinosa was partially aggregated at small scales, probably due to the influence of gravity on seed maturation, and the asexual plants produced by root propagation were mostly distributed around the mother plant, leading to an aggregated distribution at young ages. In the process of development from young individuals to mature individuals, self-thinning due to competition for space and nutrients caused the degree of population aggregation to decrease. As the spatial resources required by aging individuals increased, competition became more intense and was coupled with habitat deterioration and a decline in physiological functions. Each year, there were fewer individuals in the aging period, leading to a random distribution (Han et al., 2013). The distribution of T. ramosissima was mainly random and clustered in the transitional habitat. Propagation of T. ramosissima occurs during the regional flood season, and seeds falling in the transitional habitat germinate in low depressions as the flood recedes, resulting in an aggregated distribution of some young trees (Kang and Han, 2021). However, T. ramosissima, and T. hispida were more likely to form random distributions because they had numerous small, wind-dispersed seeds and greater dispersal capacity than P. pruinosa. Moreover, the salinity of the soil in the transitional habitat and the desert margin made it difficult for many seeds to germinate, and the growth and survival of small trees was difficult. The individuals who survived the harsh environment struggled to develop into medium-sized trees and were randomly distributed. As individuals continued to grow and become more competitive, large trees still exhibited a random distribution (Luo et al., 2021). In contrast, T. ramosissima was significantly uniformly distributed at 6 m and 16 m scales in the transitional habitat, indicating that T. ramosissima populations experienced strong interindividual interactions at these scales and that the self-sparing effect was stronger to meet their survival needs (Zhang L., 2015).

Interspecific association analysis, an important method for studying interspecific relationships, involves analyzing the spatial distribution of different species, which can reflect mutual attraction or repulsion among species in communities in different habitats; this approach is an important element of the study of speciation and community ecology (Wang et al., 2019). In this study, young, mature, and old P. euphratica stands were mainly independent of each other in the riverside habitat, with no spatial correlation. This may be related to different requirements at different growth stages, reflecting the differentiation of environmental resource utilization among young, mature, and old P. euphratica individuals, i.e., coexistence within the forest through the utilization of different ecological niches. Young and mature P. euphratica forests were significantly negatively correlated at the 0–1 m, 3–5 m, 7–8 m 10 m, 12 m, 15 m, 41 m, and 45 m scales in the transitional habitat, suggesting that to some extent, young and mature P. euphratica forests competed for resource utilization. There were significant negative correlations between young P. euphratica and P. pruinosa at 0–1 m, 3–10 m, and 12 m scales in the riverside habitat, which indicated competitive exclusion between P. euphratica and P. pruinosa and that both species were strong competitors for resources (Zhao, 2014). Positive correlations between young P. euphratica and P. pruinosa at 21–23 m, 25–26 m, 28 m, and 30 m scales in the riverside habitat indicated that the two species were similar in their utilization of environmental resources in a small area and jointly resisted the harsh desert environment as well as promoted each other during growth and development (Liu W. L., 2022).




4.3 Natural regeneration of P. euphratica

Natural regeneration is the main way that plant ecosystems restore themselves (Li et al., 2014), and it is an important process in forest reproduction and sustainable forest management. In this study, the natural regeneration of P. euphratica seedlings occurred mainly in the riverside and transitional habitats. There was almost no seedling regeneration at the desert margin, which may be related to the reproductive mode of P. euphratica. Initially, P. euphratica relied on seed production for population renewal, but due to water scarcity and anthropogenic impacts that limited population renewal by sexual reproduction, most P. euphratica reproduction in the Tarim River Basin was clonal reproduction via rootstocks (Gutierrez et al., 2000; Ye et al., 2018). Rootstock regeneration is closely related to soil moisture (Ma J. et al., 2023), and because the desert margin is far from the river and not subject to flooding, the survival and growth of rootstock seedlings is more challenging. Under suitable conditions along the riverside, the lateral roots of P. euphratica extend out of the ground and produce new P. euphratica seedlings to maintain the population (Li X. et al., 2021). Therefore, when managing P. euphratica forests, it is necessary to consider the factors that influence root reproduction and take reasonable measures to promote the growth of P. euphratica seedlings. We also discovered that a lower renewal density of P. euphratica seedlings experienced greater competitive pressure. Similar results were obtained by Jiang (2022), who studied the effect of the CI on the density of young Pinus tabuliformis trees. A greater CI and a smaller DBH led to weaker individual competitive ability, greater competitive pressure from surrounding individuals, and less competitive pressure generated towards the surrounding seedlings; therefore, new seedlings tended to be distributed around individuals with high CIs (Pan et al., 2019).

We found that P. euphratica seedling density was higher in the riverside habitat than in the transitional habitat, and there was no regeneration in the desert margin habitat. This may be related to the resource conditions. In the riverside and transitional habitats, species composition is richer, and the number of P. euphratica individuals is greater, indicating that the groundwater depth, soil moisture content, salinity, and nutrients in these two habitats are suitable for P. euphratica communities. Better conditions lead to greater new seedling density. In the desert margin habitat, species composition is limited, and the number of P. euphratica individuals is small, but their DBH is large (Ma et al., 2017), which suggests that groundwater depth in the desert margin habitat is not suitable for a P. euphratica community and that seedling regeneration and growth is difficult. There is no replacement by young trees in the desert margin habitat, and with succession, the old trees will die, and the maintenance of a P. euphratica forest will be difficult. Moreover, population density has decreased due to intraspecific and interspecific competition and self-thinning in this harsh habitat, which has resulted in increased seedling mortality during development in the desert margin.
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